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Title:  Functional  analysis  of  p53  acetylation  in  prostate  tumor  suppression 


Introduction: 

The  long-term  goal  of  this  research  proposal  is  to  understand  the  regulation  and 
the  functional  importance  of  specific  p53  acetylation  in  tumor  suppression.  The  activation 
of  p53  is  a  critical  step  in  preventing  oncogenic  transformation  and  multiple  types  of 
tumor  formation.  The  importance  of  p53  in  prostate  cancer  has  been  illustrated  by  its 
critical  role  in  the  prostate  gland  apoptosis  induced  by  androgen-ablation,  a  powerful 
therapy  used  to  treat  early  stage,  androgen-dependent  prostate  cancer.  Further  supporting 
the  dominant  role  of  p53  in  suppressing  prostate  tumor  progression,  mutations  in  p53  are 
prevalent  in  majority  of  tumors  that  have  progressed  to  a  more  advanced  and  hormone- 
refractory  stage.  Understanding  the  role  of  p53  acetylation  could  provide  critical 
information  on  how  activation  of  p53  is  achieved.  The  data  we  have  obtained  in  the  last 
12  months  provide  evidence  that  acetylation  regulates  p53  at  several  levels.  We  also 
demonstrated  that  MDM2,  the  key  negative  regulator  for  p53,  is  also  subject  to  regulation 
by  acetylation. 
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Body: 

In  the  last  twelve  months,  we  have  made  progresses  in  characterizing  the  function 
of  p53  acetylation  and  MDM2  acetylation.  Briefly,  we  have  obtained  evidence  that 
acetylation  can  promote  p53  stability  by  preventing  MDM2-mediated  ubiquitination  and 
subsequent  degradation.  Furthermore,  we  found  that  acetylation  also  regulates  p53 
subcellular  localization.  This  surprising  finding  indicates  that  reversible  acetylation 
regulates  p53  function  at  multiple  levels.  The  detailed  description  of  the  research 
progress  can  be  found  in  the  Appended  manuscripts  (1  and  2). 

By  Mass  Spectrometry,  we  have  also  successfully  identified  lysine  residues  in 
MDM2  that  are  subject  to  acetylation.  By  generating  anti-acetylated  MDM2  specific 
antibodies  and  site  directed  mutagenesis,  we  confirmed  that  MDM2  is  acetylated  at 
specific  lysines  in  vivo  (Figure  1).  We  are  currently  analyzing  the  function  of  MDM2 
acetylation. 
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A.  Figure  1.  MDM2  is 

modified  by  acetylation. 
(A)  A  schematic 
diagram  of  MDM2.  The 

CBP  -  WT  LD  WT  p300  three  acetylated  lysine 

MDM2  wt  wt  wr  3kr  wt  residues  identified  by 

Mass  Spectrometry  are 
marked.  (B).  The 
generation  of  acetylated 

Lane  1  2  3  j  - 1  _  MDM2  specific 

antibodies.  Peptides  (14 
amino  acids)  containing 
at  either  lysine  334, 336 
or  344  (Ac-K334,  Ac-K336  or  Ac-K344)  were  synthesized  and  used  to  generate  antibodies  in 
rabbits.  The  acetylated  MDM2  specific  antibodies  were  obtained  by  sequential  affinity 
purification  using  the  unacetylated  peptide  column  to  remove  immuno-reactivity  to  unmodified 
MDM2,  followed  by  an  acetylated  peptide  column.  Anti-Ac-K344  was  used  here  as  an  example. 
Unmodified  recombinant  MDM2  (without  HAT),  wild  type  or  mutant  MDM2,  whose  K344  was 
converted  to  arginine,  were  subject  to  in  vitro  acetylation  by  CBP  (plus  HAT)  followed  by 
immuno-blotting  with  the  anti-Ac-K344.  Note  that  this  antibody  only  recognized  wild  type 
MDM2  that  was  acetylated  by  CBP  (compare  Lane  1  and  2)  and  it  failed  to  react  with  the  MDM2 
mutant  of  which  lysine  344  was  converted  to  arginine  (K344R,  Lane  3).  Thus,  this  antibody 
specifically  recognizes  MDM2  acetylated  at  lysine  344.  Similarly,  antibodies  against  acetylated 
MDM2  at  lysine  334  (a-Ac-K334)  or  336  (a-Ac-K336)  were  found  to  specifically  recognize  the 
acetylated  MDM2  (data  not  shown).  (C)  MDM2  is  acetylated  in  vivo.  Expression  plasmids  for 
wild  type  or  mutant  MDM2  with  lysine  334,  336  and  344  converted  to  arginine  (3KR)  were  co¬ 
expressed  with  wild  type  CBP,  acetyltransferase  inactive  CBP  mutant  (CBP-LD)  or  wild  type 
p300.  The  acetylation  status  of  MDM2  was  then  determined  by  immunoprecipitating  with  an 
antibody  against  MDM2  followed  by  immuno-blotting  with  a  mixture  of  anti-acetylated  lysine 
MDM2  antibodies  (a-AcMDM2:  a  mixture  of  a-Ac-K334,  a-Ac-K336  and  a-Ac-K344).  Note 
that  these  acetylated  MDM2  specific  antibodies  recognized  MDM2  when  wild  type  CBP  (Lane  2) 
but  not  its  enzyme-deficient  LD  mutant  (Lane  3)  or  p300  (Lane  5)  was  co-expressed.  Importantly, 
these  antibodies  did  not  react  with  3KR  mutant  in  the  presence  of  ectopically  expressed  CBP 
(Lane  4),  farther  demonstrating  the  specificity  of  the  antibody  toward  acetylated  MDM2  at 
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specific  lysines.  Similar  results  on  MDM2  acetylation  in  vivo  were  obtained  using  antibodies 
against  individual  acetylated  lysine  residues  (data  not  shown).  The  expression  of  p300,  CBP  and 
MDM2  were  confirmed  by  immuno-blotting  with  their  respective  antibodies. 
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Key  Research  Accomplishment 

1 .  We  have  identified  the  key  acetylation  sites  in  p53  and  showed  that  these  lysines 
are  also  the  targets  of  MDM2  mediated  ubiquitination.  We  have  obtained 
evidence  that  acetylation  promotes  p53  stability,  possibly,  by  competing  with  the 
MDM2-mediated  ubiquitination 

2.  We  have  found  that  full  acetylation  of  p53  can  lead  to  its  nuclear  exit. 

3.  We  have  identified  lysine  residues  in  MDM2  that  are  subject  to  acetylation. 


Reportable  Outcome: 

1.  Ito,  A.  Kawaguchi,  Y.,  Lai,  C.-H,  Kovacs,  J.  J.,  Higashimoto,  Y.,  Appella,  E.,  and 
Yao,  T.-P#.  MDM2-HDAC1  mediated-deacetylation  of  p53  is  required  for  its 
degradation.  EMBO.  J.  22.  6236-6245  (2002) 

2.  Kawaguchi,  Y.,  Ito,  A.,  Appella,  E.,  and  Yao.  T.-P#.  Control  of  p53  subcellular 
localization  by  charge  modification  at  C-terminus  lysine  residues  (submitted) 


Conclusion: 

Our  study  has  provided  the  first  in  vivo  evidence  that  acetylation  controls  p53 
stability  and  that  MDM2  is  also  subject  to  regulation  by  acetylation. 
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MDM2-HDAC1 -mediated  deacetylation  of  p53  is 
required  for  its  degradation 
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Chun-Hsiang  Lai,  Jeffrey  J.Kovacs, 
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The  tumor  suppressor  p53  is  stabilized  and  activated 
in  response  to  cellular  stress  through  post-transla¬ 
tional  modifications  including  acetylation.  p300/CBP- 
mediated  acetylation  of  p53  is  negatively  regulated  by 
MDM2.  Here  we  show  that  MDM2  can  promote  p53 
deacetylation  by  recruiting  a  complex  containing 
HDAC1.  The  HDAC1  complex  binds  MDM2  in  a  p53- 
independent  manner  and  deacetylates  p53  at  all 
known  acetylated  lysines  in  vivo .  Ectopic  expression  of 
a  dominant-negative  HDAC1  mutant  restores  p53 
acetylation  in  the  presence  of  MDM2,  whereas  wild- 
type  HDAC1  and  MDM2  deacetylate  p53  synergisti- 
cally.  Fibroblasts  overexpressing  a  dominant  negative 
HDAC1  mutant  display  enhanced  DNA  damage- 
induced  p53  acetylation,  increased  levels  of  p53  and  a 
more  pronounced  induction  of  p21  and  MDM2.  These 
results  indicate  that  acetylation  promotes  p53  stability 
and  function.  As  the  acetylated  p53  lysine  residues 
overlap  with  those  that  are  ubiquitylated,  our  results 
suggest  that  one  major  function  of  p53  acetylation 
is  to  promote  p53  stability  by  preventing  MDM2- 
dependent  ubiquitylation,  while  recruitment  of 
HDAC1  by  MDM2  promotes  p53  degradation  by 
removing  these  acetyl  groups. 

Keywords :  acetylation/HD  AC  l/MDM2/p53/ 
ubiquitylation 


Introduction 

The  activation  of  the  tumor  suppressor  p53,  which  triggers 
growth  arrest  and  apoptosis  in  cells  that  are  in  danger  of 
becoming  cancerous,  involves  the  regulation  of  p53 
stability.  In  unstressed  cells,  p53  is  maintained  at  low 
levels  by  its  key  negative  regulator  MDM2  (Freedman 
et  al. ,  1999).  Although  p53  is  required  for  active  tumor 
suppression,  the  negative  regulation  of  p53  by  MDM2  is 
fundamentally  important.  This  point  is  best  illustrated  by  a 
genetic  study  in  mice,  where  the  loss  of  MDM2  led  to  early 
embryonic  lethality  due  to  uncontrolled  p53  levels  and 
activity  (Montes  de  Oca  Luna  et  al. ,  1995).  The  import¬ 
ance  of  this  negative  regulation  is  further  supported  by  the 
observation  that  expression  of  MDM2  is  positively 
regulated  by  p53  (Wu  et  al. ,  1993),  and  thus  establishes 


a  tight  negative  feedback  loop.  MDM2  is  an  E3  ligase  that 
ubiquitylates  a  defined  set  of  lysine  residues  at  the 
C-terminus  of  p53  (Honda  et  al. ,  1997;  Nakamura  et  al. , 
2000;  Rodriguez  et  al.,  2000).  The  MDM2-mediated 
ubiquitylation  of  p53  is  believed  to  trigger  rapid  degrad¬ 
ation  of  p53  by  proteasomes  (Freedman  et  al.,  1999),  or  to 
promote  its  nuclear  export  (Boyd  et  al.,  2000;  Geyer  et  al., 

2000) .  Thus,  MDM2  functions  as  a  key  negative  regulator 
for  p53,  at  least  in  part,  by  controlling  the  p53 
ubiquitylation  status  (Zhang  and  Xiong,  2001). 

p53  is  transiently  stabilized  and  activated  in  response  to 
various  cellular  insults.  The  stabilization  and  activation  of 
p53  are  thought  to  be  mediated  by  post-translational 
modification  events,  such  as  phosphorylation  (Giaccia  and 
Kastan,  1998;  Appella  and  Anderson,  2001),  which  was 
proposed  to  interfere  with  the  ability  of  MDM2  to 
negatively  regulate  p53  (Shieh  et  al.,  1997;  Unger  et  al., 
1999).  Although  multiple  serine  residues  are  phosphoryl- 
ated  in  response  to  genotoxic  stress  (Shieh  et  al.,  1997; 
Canman  et  al.,  1998;  Hirao  et  al.,  2000),  p53  activation  is 
not  always  accompanied  by  the  specific  phosphorylation 
events  proposed  to  be  important  for  its  function  (Ashcroft 
et  al.,  2000).  In  contrast  to  phosphorylation,  we  have 
reported  that  p53  invariably  becomes  acetylated  in 
response  to  a  wide  variety  of  cellular  insults  that  are 
known  to  be  potent  p53-activating  agents  (Ito  et  al.,  2001). 
Importantly,  stress-induced  p53  acetylation  is  transient 
and  reversible,  suggesting  the  existence  of  negative 
regulators  that  keep  p53  acetylation  in  check  (Ito  et  al., 

2001) .  Supporting  this  hypothesis,  we  and  others  have 
found  that  MDM2  negatively  regulates  p53  acetylation 
(Kobet  et  al.,  2000;  Ito  et  al.,  2001).  This  result  suggests  a 
functional  link  between  MDM2,  an  E3  ubiquitin  ligase, 
and  acetylation.  The  importance  of  this  observation  is 
further  supported  by  the  finding  that  the  inhibitory  effect 
of  MDM2  on  p53  acetylation  can  be  reversed  by  the  tumor 
suppressor  pl4ARF  (Ito  et  al.,  2001),  which  binds  to  MDM2 
and  inhibits  its  activity  (Pomerantz  et  al.,  1998;  Zhang 
et  al,  1998b;  Honda  and  Yasuda,  1999).  Together,  these 
observations  support  the  notion  that  the  regulation  of 
acetylation  is  a  central  target  of  the  p53-MDM2-pl4ARF 
feedback  loop.  However,  the  mechanism  by  which  MDM2 
controls  p53  acetylation  is  not  completely  understood.  It 
was  previously  shown  that  MDM2  can  suppress  CREB 
binding  protein  (CBP)  acetyltransferase  activity  in  vitro. 
This  result  supports  the  idea  that  MDM2  inhibits  p53 
acetylation,  at  least  in  part,  by  binding  and  reducing  p300/ 
CBP  acetyltransferase  activity  (Kobet  et  al.,  2000;  Ito 
et  al,  2001).  However,  the  observation  that  the  deacety- 
lase  inhibitor  TSA  can  restore  p53  acetylation  in  the 
presence  of  MDM2  suggests  a  more  complex  mechanism, 
wherein  MDM2  might  also  utilize  a  deacetylase  pathway 
to  control  p53  acetylation  level  (Ito  et  al,  2001). 
Uncovering  this  pathway  will  be  essential  to  understand- 
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Regulation  of  p53  by  an  MDM2-HDAC1  complex 
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Fig.  1.  Interaction  between  MDM2  and  HDAC1.  (A)  293T  cells  were 
cotransfected  with  10  pg  of  MDM2  and  5-10  |ig  of  either  Flag-tagged 
HDAC1  (lane  1),  HDAC2  (lane  2),  HDAC3  (lane  3),  HDAC4  (lane  4) 
or  HDAC5  (lane  5).  Cellular  extracts  were  immunoprecipitated  with 
anti-Flag  antibody  followed  by  immunoblotting  with  anti-MDM2  anti¬ 
body  (top  panel)  or  anti-Flag  antibody  (middle  panel).  Total  MDM2 
protein  was  detected  with  anti-MDM2  antibody  (bottom  panel). 
(B)  Either  GST  (lane  1),  GST-HDAC1  (lane  2)  or  GST-p53  (lane  3) 
were  incubated  with  recombinant  MDM2  protein  followed  by  immuno¬ 
blotting  with  anti-MDM2  antibody.  (C)  HI 299  cells  were  transfected 
with  Flag-tagged  HD  AC  1  and  the  cellular  extracts  were  incubated  with 
either  GST  (lane  1)  or  GST-MDM2  (lane  2)  followed  by  immunoblot¬ 
ting  with  anti-Flag  antibody.  (D)  HI 299  cells  were  transfected  with 
MDM2  alone  (lane  1)  or  cotransfected  with  Flag-tagged  HDAC1 
(lane  2)  and  cellular  extracts  were  immunoprecipitated  with  anti- 
MDM2  antibody  followed  by  immunoblotting  with  anti-Flag  antibody. 
(E)  A549  cells  were  exposed  to  UV-B  irradiation  (75  J/m2)  for  6  h  and 
cellular  extracts  were  immunoprecipitated  with  either  anti-MDM2  anti¬ 
body  (lanes  1  and  2)  or  mouse  IgG  as  a  control  (lane  3)  followed  by 
immunoblotting  with  anti-HD  AC  1  antibody  (top  panel)  or  anti-MDM2 
antibody  (bottom  panel).  Total  HDAC1  and  MDM2  protein  were  de¬ 
tected  with  either  anti -HD  AC  1  antibody  (top  panel,  lanes  4  and  5)  or 
anti-MDM2  antibody  (bottom  panel,  lanes  4  and  5). 


ing  how  p53  acetylation  is  regulated  and  is  the  subject  of 
this  study. 

The  acetylation  of  p53  is  mainly  catalyzed  by  the 
acetyltransferases  p300  and  CBP  in  vivo  (Ito  et  al .,  2001). 
Interestingly,  acetylation  occurs  at  multiple  lysine  residues 
(six  in  total,  see  below)  clustered  at  the  C-terminus  of  p53 
(Gu  and  Roeder,  1997;  Sakaguchi  et  al ,  1998;  Liu  et  al , 
1999).  It  is  not  known  why  there  are  so  many  lysine 
residues  targeted  for  acetylation.  The  precise  function  of 
acetylation  and  the  mechanism  by  which  acetylation 
controls  p53  also  remain  to  be  established.  Acetylation 
was  previously  correlated  with  p53-dependent  senescence 
and  its  ability  to  induce  apoptosis  (Luo  et  al ,  2000; 
Pearson  et  al. ,  2000).  As  acetylation  of  p53  enhances  its 


DNA-binding  activity  in  vitro  (Gu  and  Roeder,  1997; 
Sakaguchi  et  al,  1998),  it  has  been  widely  assumed  that 
acetylation  functions  by  enhancing  p53  transcriptional 
activity.  However,  there  may  be  additional  mechanisms  by 
which  acetylation  could  control  p53  function.  For 
example,  since  the  activation  of  p53  involves  its 
stabilization,  we  have  previously  suggested  that  acetyla¬ 
tion  might  control  the  stability  of  p53.  Indeed,  our 
observation  that  inhibition  of  p53  deacetylation  by  the 
deacetylase  inhibitor  trichostatin  A  (TSA)  is  accompanied 
by  an  increase  in  p53  stability  is  consistent  with  this 
hypothesis  (  Ito  et  al,  2001).  However,  how  acetylation 
controls  p53  stability  is  not  known. 

In  this  report,  we  present  evidence  that  acetylation 
controls  p53  stability  by  potentially  interfering  with 
MDM2-mediated  ubiquity lation.  We  found  that  MDM2 
and  the  deacetylase  HDAC1  form  a  complex  that  controls 
p53  acetylation  in  a  cooperative  fashion,  thus  providing  a 
molecular  link  between  the  ubiquitylation  and  the 
deacetylation  machinery.  We  provide  evidence  that  stable 
overexpression  of  a  dominant-negative  HDAC1  mutant  in 
fibroblasts  leads  to  markedly  enhanced  p53  acetylation 
and  p53  stability  in  response  to  DNA  damage,  suggesting 
that  one  function  of  acetylation  is  to  promote  p53  stability. 
Consistent  with  this  conclusion,  we  found  that  acetylation 
and  ubiquitylation  occur  at  an  overlapping  set  of  lysine 
residues  in  p53.  Our  results  suggest  a  simple  model 
wherein  acetylation  promotes  p53  stability  by  competing 
with  MDM2-mediated  ubiquitylation.  The  MDM2- 
HDAC1  interaction  thus  provides  an  efficient  coupling 
of  deacetylation  and  ubiquitylation  machinery  to  nega¬ 
tively  regulate  p53  function. 


Results 

HDAC1  specifically  interacts  with  MDM2 

Our  previous  studies  have  shown  that  MDM2  can  inhibit 
p300-induced  p53  acetylation,  in  part,  by  repressing  p300 
acetyltransferase  activity.  However,  the  inhibitory  effect 
of  MDM2  on  p53  acetylation  can  also  be  reversed  by  a 
pan-HD  AC  deacetylase  inhibitor  TSA  (Ito  et  al,  2001), 
suggesting  the  involvement  of  active  deacetylation.  To 
further  address  the  potential  mechanism  by  which  MDM2 
negatively  regulates  p53  acetylation,  we  first  considered 
the  possibility  that  MDM2  may  induce  p53  deacetylation 
by  recruiting  a  putative  p53  deacetylase,  since  MDM2 
itself  does  not  possess  TSA-sensitive  deacetylase  activity 
(data  not  shown).  To  test  this  hypothesis,  we  investigated 
whether  MDM2  interacts  with  any  of  the  known  HDAC 
family  members.  Through  a  co-immunoprecipitation 
assay,  we  found  that  among  HDAC  1-7,  only  HDAC1 
strongly  co-immunoprecipitated  with  MDM2,  while  the 
others  did  not  (Figure  1A;  data  not  shown).  This  result 
indicates  that  MDM2  selectively  interacts  with  HDAC1. 
To  determine  whether  MDM2  binds  HDAC1  directly,  the 
ability  of  bacterially-expressed  recombinant  GST  HDAC1 
and  MDM2  proteins  to  interact  was  investigated  by  pull¬ 
down  assay  (Figure  IB).  As  expected,  recombinant 
MDM2  bound  GST-p53  (Figure  IB,  lane  3);  however, 
MDM2  failed  to  bind  GST-HDAC1  under  the  same 
conditions  (Figure  IB,  lane  2).  Thus,  these  results  indicate 
that  MDM2  specifically  interacts  with  HDAC1  via  an 
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Fig.  2.  Deacetylation  of  p53  by  HD  AC  1 .  (A)  293T  cells  were  transfected  with  an  empty  vector  (lane  1)  or  cotransfected  with  either  2  fig  of  p300 
alone  (lane  2)  or  cotransfected  with  2  fig  of  Flag-tagged  HDAC1  (lane  3),  2  fig  of  HDAC2  (lane  4),  2  pg  of  HDAC3  (lane  5),  4  fig  of  HDAC4  (lane  6) 
or  4  fig  of  HDAC5  (lane  7).  The  levels  of  endogenous  acetylated  p53,  total  p53,  and  each  HD  AC  were  detected  by  immunoblotting  with  anti-acetyl- 
ated  p53  (Lys382)  (top  panel),  anti-p53  antibody  (middle  panel)  and  anti-Flag  antibody  (bottom  panel).  (B)  H1299  cells  (p53— /— )  were  transfected 
with  0.2  |lg  of  p53  alone  (lane  1)  or  cotransfected  with  either  2  pg  of  p300  alone  (lane  2),  with  2  pg  of  HDAC1  wild-type  (lane  3)  or  2  pg  of  enzyme- 
dead  H141A  mutant  (lane  4).  The  level  of  acetylated  p53  was  assessed  using  either  antibody  specific  for  acetylated  Lys382  (Ac382),  acetylated 
Lys373  (Ac373)  or  acetylated  Lys320  (Ac320).  The  levels  of  total  p53  and  Flag-tagged  HDAC1  were  detected  as  described  in  (A).  (C  and  D)  293T 
cells  were  transfected  with  empty  vector  or  Flag-tagged  HDACs  and  cellular  extracts  were  prepared  as  described  in  Materials  and  methods. 
Deacetylase  activity  was  measured  against  acetylated  GST-p53  (C)  or  histone  H4  peptide  (D)  in  the  presence  or  absence  of  TSA.  Results  are  represen¬ 
tative  of  three  independent  experiments.  Note  that  all  HD  AC  family  members  possess  deacetylase  activity  towards  histones,  but  only  HDAC1  can 
efficiently  deacetylate  p53. 


indirect  mechanism  or  that  a  specific  modification  of 
MDM2  or/and  HDAC1  is  required  for  this  interaction. 

As  MDM2  binds  p53  directly,  we  investigated  whether 
the  binding  of  MDM2  and  HDAC1  was  mediated  by  p53. 
To  test  this  possibility,  an  HDAC1  expression  plasmid  was 
transfected  into  HI 299  cells  (p53-/-)  and  the  interaction 
of  MDM2  and  HDAC1  was  determined  by  pull-down 
assay  using  GST-MDM2,  followed  by  immunoblotting  to 
visualize  the  associated  HDAC1.  As  shown  in  Figure  1C, 
GST-MDM2,  but  not  GST,  interacts  with  HDAC1 
expressed  in  HI 299  cells.  A  similar  conclusion  regarding 
HDAC1-MDM2  interaction  in  HI 299  cells  was  obtained 
by  co-transfecting  HDAC1  and  MDM2  expression  plas¬ 
mids,  which  were  assayed  by  co-immunoprecipitation 
(Figure  ID).  These  results  demonstrate  a  specific  and  p53- 
independent  interaction  between  MDM2  and  HDAC1. 


We  investigate  further  the  interaction  between  the 
endogenous  HDAC1  and  MDM2.  As  shown  in  Figure  IE, 
at  the  basal  state  in  which  the  MDM2  level  is  low,  a 
co-immunoprecipitation  assay  revealed  a  weak  but  repro¬ 
ducible  interaction  of  MDM2  and  HDAC1.  However, 
upon  UV  irradiation,  which  induces  MDM2  expression 
(~4-fold),  a  marked  increase  of  MDM2  and  HDAC1 
association  (~3-fold)  was  observed.  These  results  demon¬ 
strate  an  endogenous  MDM2-HDAC1  interaction  that  can 
be  stimulated  by  UV  irradiation,  likely  due  to  an  increase 
of  the  MDM2  protein  level  in  response  to  DNA  damage. 

MDM2-HDAC1  deacetylates  p53  cooperatively 

The  physical  interaction  of  MDM2  and  HDAC1  supports 
the  hypothesis  that  MDM2  recruits  HDAC1  to  deacetylate 
p53.  Consistent  with  this  hypothesis,  it  was  previously 
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proposed  that  HDAC1  could  function  as  a  p53  deacetylase 
(Luo  et  al. ,  2000).  However,  although  the  ectopic  expres¬ 
sion  of  HDAC1 -associated  MTA2/PID  can  induce  p53 
deacetylation,  whether  or  not  HDAC1  is  a  p53  deacetylase 
in  vivo  was  not  directly  tested,  nor  did  the  study  address 
whether  other  HDAC  family  members  could  deacetylate 
p53.  To  investigate  these  issues  and  determine  whether  the 
specific  association  with  MDM2  is  functionally  correlated 
with  the  ability  of  an  HDAC  to  function  as  a  p53 
deacetylase,  expression  plasmids  for  p300,  HDAC  1-5 
were  cotransfected  into  293T  cells  and  the  p53  acetylation 
status  on  lysine  382  was  assessed  using  an  acetyl-Lys3 82- 
specific  antibody.  As  shown  in  Figure  2A,  consistent  with 
its  unique  association  with  MDM2,  only  HDAC1  but  not 
other  HDACs  efficiently  induced  p53  deacetylation  on 
lysine  382  (Figure  2A,  lanes  3-7).  Importantly,  ectopic 
expression  of  HDAC1  also  led  to  deacetylation  at  lysine 
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320  and  373  (Figure  2B),  both  of  which  are  also  known  to 
become  acetylated  upon  p53  activation  (  Sakaguchi  et  al , 
1998;  Liu  et  al .,  1999).  Thus,  in  vivo,  HDACI  can 
deacetylate  all  three  known  acetylated  lysine  residues  in 
p53.  An  identical  conclusion  that  HDACI,  but  not  other 
HDAC  members,  possesses  strong  p53  deacetylase  activ¬ 
ity  can  be  demonstrated  directly  by  an  in  vitro  assay  using 
HDACs  immunoprecipitated  from  cells  transfected  with 
the  HDAC  expression  plasmids  (Figure  2C),  while  all 
HDAC  family  members  possess  a  deacetylase  activity 
toward  histones  (Figure  2  D).  Thus,  among  the  HDAC 
members  tested,  HDACI  uniquely  associates  with  MDM2 
and  can  specifically  function  as  a  p53  deacetylase, 
supporting  its  role  for  mediating  MDM2-dependent  p53 
deacetylation. 

To  determine  whether  MDM2  is  required  for  HDACI  to 
function  as  a  p53  deacetylase,  we  investigated  the  ability 
of  HDACI  to  deacetylate  p53  in  MDM2-deficient  cells.  As 
shown  in  Figure  3 A,  overexpression  of  HDACI  still 
results  in  p53  deacetylation  in  MDM2-/-;p53-/-  mouse 
embryonic  fibroblasts  (MEFs).  Although  MDM2  is  not 
required  for  high  levels  of  HDACI  to  deacetylate  p53,  it  is 
possible  that  the  interaction  with  MDM2  could  facilitate 
HDACl’s  activity  as  a  p53  deacetylase.  To  test  this 
possibility,  low  concentrations  of  MDM2  and  HDACI 
were  co-expressed  with  p53  and  p300  in  MDM2-/-; 
p53-/-  MEFs,  and  the  p53  acetylation  status  was  assessed. 
Under  these  conditions,  neither  MDM2  nor  HDACI  alone 
had  an  appreciable  effect  on  the  level  of  p53  acetylation 
(Figure  3B,  lanes  2  and  4).  However,  co-expression  of  both 
MDM2  and  HDACI  dramatically  reduced  the  level  of  p53 
acetylation  (Figure  3B,  lane  5).  These  results  demonstrate 
that  MDM2  and  HDACI  function  synergistically  to  induce 
p53  deacetylation.  To  elucidate  the  potential  mechanism 
underlying  this  synergistic  activity,  we  asked  whether 
MDM2  affects  the  interaction  between  p53  and  HDACI. 
As  shown  in  Figure  3C,  in  MDM2-deficient  MEFs, 
HDACI  only  interacts  weakly  with  p53  (Figure  3C, 

Fig.  3.  HDACI  and  MDM2  work  cooperatively  to  deacetylate  p53. 
(A)  MEF  (p53-/-;MDM2-/-)  cells  were  transfected  with  0.1  jig  of  p53 
(lane  1),  or  cotransfected  either  with  2  gg  of  p300  alone  (lane  2)  or 
with  p300  and  2  jig  of  Flag-tagged  HDACI  (lane  3).  The  level  of  total 
p53  (middle  panel)  and  acetylated  p53  (top  panel)  were  detected  as  de¬ 
scribed  in  Figure  2.  (B)  MEF  (p53-/-;MDM2-/-)  cells  were  transfected 
with  either  0.1  pg  of  p53,  2  |ig  of  p300  and  0.5  pg  of  internal  control 
GFP  (lane  1),  or  cotransfected  either  with  12.5  ng  of  Flag-tagged 
HDACI  wild-type  (lane  2),  with  12.5  ng  of  Flag-tagged  HDACI 
H141A  mutant  (lane  3),  with  0.5  pg  of  MDM2  (lane  4),  with  MDM2 
and  12.5  ng  of  Flag-tagged  HDACI  wild-type  (lane  5)  or  0.5  pg  of 
MDM2  and  12.5  ng  of  Flag-tagged  HDACI  H141A  mutant  (lane  6). 
The  levels  of  indicated  proteins  were  determined  by  immunoblotting. 
Of  note,  we  used  160X  the  amount  of  Flag-tagged  HDACI  expression 
vectors  in  (A)  when  compared  with  (B).  (C)  MEF  (p53-/-;MDM2-/-) 
cells  were  transfected  with  either  1  pg  of  Flag-tagged  HDACI  wild- 
type  alone,  or  cotransfected  either  with  0.3  pg  of  p53,  with  0.3  pg  of 
p53  and  4pg  of  MDM2  wild-type,  or  0.3  pg  of  p53  and  4pg  of  p53- 
binding-deficient  MDM2  mutant  (A58-92).  Cells  were  also  treated  24  h 
post-transfection  with  the  protease  inhibitor  LLnV  (10  pM)  for  4  h  to 
inhibit  MDM2-mediated  p53  degradation.  Cellular  extracts  were  immu¬ 
noprecipitated  with  anti-goat  p53  antibody  followed  by  immunoblotting 
with  Flag  antibody  (top  panel),  anti-MDM2  antibody  (second  panel)  or 
anti-p53  antibody  (third  panel).  Total  HDACI  and  MDM2  protein  were 
detected  with  either  anti-Flag  antibody  (fourth  panel)  or  anti-MDM2 
antibody  (bottom  panel).  Of  note,  the  interaction  between  p53  and 
p53-binding-deficient  MDM2  mutant  (A58-92)  is  likely  mediated  by 
HDACI  through  the  ternary  complex  formation  (second  panel,  lane  4). 
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Fig.  4.  MDM2  induces  p53  deacetylation  through  HDAC1.  H1299  cells 
were  transfected  with  0.2  jig  of  p53  wild-type  and  0.5  |ig  of  GFP  (all 
lanes),  and  cotransfected  with  one  or  more  of  the  following;  2  jig  of 
p300  (lanes  2-7),  2  jig  of  MDM2  (lanes  3,  6  and  7),  2  jig  of  Flag- 
tagged  HDAC1  wild-type  (lanes  4  and  6),  2  jig  of  Flag-tagged 
HDAC1  H141A  mutant  (lanes  5  and  7).  The  levels  of  indicated 
proteins  were  determined  by  immunoblotting. 


lane  2).  However,  this  interaction  is  dramatically  stimu¬ 
lated  upon  the  re-introduction  of  wild-type  MDM2 
(Figure  3C,  lane  3).  The  p53-binding-deficient  MDM2 
mutant  is  less  efficient  in  facilitating  the  p53-HDACl 
interaction.  (Figure  3C,  lane  4).  Thus,  the  reduced  p53 
binding  is  correlated  with  reduced  recruitment  of  HDAC1 
by  MDM2.  Together,  these  results  indicate  that  MDM2 
promotes  the  interaction  between  HDAC1  and  p53  and 
forms  a  ternary  complex,  allowing  efficient  p53  deacetyla¬ 
tion. 


HDAC1  mediates  MDM2-dependent 
p53  deacetylation 

We  next  examined  whether  or  not  HDAC1  was  respon¬ 
sible  for  MDM2-mediated  p53  deacetylation.  The  obser¬ 
vation  that  HDAC1  binds  MDM2  indirectly  (Figure  1)  and 
that  bacterially-expressed  recombinant  HDAC1  does  not 
possess  p53  deacetylase  activity  (data  not  shown)  suggests 
that  the  p53  deacetylase  activity  of  HDAC1  requires 
additional  factors.  We  reasoned  that  as  HDAC1  normally 
functions  in  a  multi-protein  complex  (Zhang  et  al. ,  1998a), 
a  catalytically  inactive  (enzyme-dead)  HDAC1  could 
potentially  titrate  away  the  cofactors  needed  for  the  active 
complex  and  thus  function  as  a  dominant-negative  mutant. 
To  this  end,  we  asked  whether  a  catalytically  inactive 
HDAC1  mutant  (H141A)  could  reverse  the  effect  of 
MDM2  on  p53  acetylation.  As  shown  in  Figure  4, 
overexpression  of  MDM2  causes  a  dramatic  reduction  of 
p53  acetylation  induced  by  p300  (Figure  4,  lane  3). 
However,  upon  co-expression  of  the  HDAC1  H141A 
mutant,  the  effect  of  MDM2  is  partially  lost  and  p53 
acetylation  restored  (Figure  4,  lane  7).  This  observation 
supports  the  idea  that  HDAC1  H141 A  acts  as  a  dominant¬ 
negative  mutant  and  that  MDM2-induced  p53  deacetyl¬ 
ation  is  mediated  by  HDAC1.  Together,  these  observations 
provide  evidence  that  MDM2  recruits  HDAC1  into  a 
multi-protein  complex,  which  promotes  p53  deacetylation. 


A  common  set  of  lysines  are  modified  by 
acetylation  and  ubiquitylation 

To  begin  to  address  the  potential  function  of  p53 
acetylation,  we  first  generated  p53  mutants  that  can  not 
be  acetylated  (Figure  5A).  By  analyzing  the  acetylation 
pattern  of  recombinant  p53  acetylated  by  CBP,  we  found 
that  mutation  of  all  three  known  acetylated  lysines  (320, 
373  and  382)  does  not  eliminate  p53  acetylation  com¬ 
pletely  (Figure  5B,  lane  2).  However,  additional  mutations 
of  lysines  370,  372  and  381  essentially  abolished  the 
acetylation  by  CBP  (Figure  5B,  lane  3).  Thus,  there  are  at 
least  six  lysine  residues  in  p53  that  can  be  acetylated  by 
CBP  in  vitro.  To  generate  the  non-acetylatable  p53  mutant, 
all  six  lysine  residues  were  mutated  to  arginine  (6KR),  in 
order  to  minimize  the  structural  impact  by  maintaining  the 
positive  charges  at  these  residues. 

Our  previous  study  established  a  positive  correlation 
between  p53  acetylation  and  its  total  protein  level  (Ito 
et  al .,  2001);  we  therefore  examined  the  potential  function 
of  acetylation  in  regulating  p53  stability.  As  both 
acetylation  and  ubiquitylation  modify  the  £  amino  group 
of  lysine  residues,  we  first  evaluated  whether  there  is  a 
relationship  between  p53  acetylation  and  ubiquitylation. 
Recent  studies  on  p53  ubiquitylation  have  identified 
several  lysine  residues  important  for  MDM2-mediated 
ubiquitylation  (Nakamura  et  al .,  2000;  Rodriguez  et  al 
2000).  When  compared  with  the  acetylated  lysine  residues 
identified  in  this  report,  we  found  that  lysine  residues 
targeted  for  ubiquitylation  overlap  those  that  can  be 
acetylated  in  vitro  (Figure  5C).  Consistent  with  this  idea, 
the  acetylation-deficient  6KR  mutant  is  completely  resist¬ 
ant  to  MDM2-mediated  degradation  (Figure  5D  and  E). 
Thus,  a  common  set  of  lysine  residues  is  targeted  by  both 
p300/CBP-mediated  acetylation  and  MDM2-mediated 
ubiquitylation.  This  result  suggests  the  possibility  that 
the  acetylation  of  C-terminal  lysine  residues  might  prevent 
their  ubiquitylation  and  consequently  lead  to  p53  stabili¬ 
zation. 

A  dominant-negative  HDAC1  mutant  promotes 
both  p53  acetylation  and  stability  in  response  to 
DNA  damage 

Despite  its  ability  to  affect  p53  acetylation  levels,  HDAC1 
and  its  H141A  mutant  showed  little  effect  on  p53  protein 
levels  when  acetylation  was  induced  by  overexpression  of 
p300  (Figure  4).  It  is  possible  that  there  may  be  only  a  very 
small  portion  of  total  p53  becoming  acetylated  under  this 
artificial  condition,  and  consequently,  the  balance  of 
acetylation  and  ubiquitylation  is  not  faithfully  reflected 
in  this  system.  To  circumvent  this  problem  and  to 
investigate  the  role  of  p53  acetylation  in  a  physiological 
setting,  we  generated  NIH  3T3  lines  that  stably  expressed 
HDAC1  or  its  dominant-negative  mutant  by  retrovirus- 
mediated  gene  transfer.  A  physiological  level  of  p53 
acetylation  can  be  induced  by  DNA-damaging  agents  in 
these  cell  lines,  and  p53  stability  and  activity  can  then 
be  evaluated.  To  this  end,  control  NIH  3T3  cells  and  their 
derivatives  overexpressing  wild-type  HDAC1  and 
dominant-negative  HDAC1  were  irradiated  with  UV, 
and  the  levels  of  p53  and  its  acetylation  were  determined. 
Importantly,  overexpression  of  HDAC1  or  its  dominant¬ 
negative  mutant  had  no  effect  on  the  basal  level  of  p53  or 
its  acetylation  (Figure  6A).  This  indicates  that  there  is  little 
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Fig.  5.  Mutations  of  lysine  residues  of  acetylation  sites  prevent  MDM2-mediated  p53  degradation.  (A)  Schematic  structure  of  p53  mutations  of 
C-terminal  lysines  to  alanines  or  arginines.  (B)  GST-p53  wild-type  (lane  1),  GST-p53  3KA  mutant  with  mutated  lysine  residues  320,  373  and  382  to 
alanine  residues  (lane  2),  or  GST-p53  6KR  mutant  with  mutated  lysine  residues  320,  370,  372,  373,  381  and  382  to  arginine  residues  (lane  3)  were 
acetylated  by  recombinant  CBP  in  the  presence  of  the  [  l4C]acetyl-CoA  and  analyzed  by  SDS-PAGE  followed  by  autoradiograph.  Acetylated  p53  and 
CBP  are  indicated  by  arrows.  As  a  negative  control,  wild-type  GST-p53  was  incubated  without  recombinant  CBP  in  the  presence  of  the  [14C]acetyl- 
CoA  (lane  4).  (C)  Acetylation  sites  of  p53  overlap  with  ubiquitylation  sites.  The  lysine  residues  susceptible  to  acetylation  and  ubiquitylation  in  the 
C-terminus  of  p53  are  indicated  by  arrows.  (D)  HI 299  cells  were  transfected  with  0.5  jig  of  an  expression  plasmid  encoding  GFP  as  an  internal  con¬ 
trol,  0.2  pg  of  wild-type  p53  or  p53  6KR  mutant,  together  with  empty  pcDNA3  vector  or  the  indicated  amount  of  MDM2  vector.  Thirty-six  hours 
after  transfection,  cell  extracts  were  prepared  and  analyzed  by  immunoblotting  with  anti-p53,  anti-MDM2  and  anti-GFP  antibodies.  (E)  The  band 
intensity  of  p53  and  GFP  protein  levels  was  measured  with  NIH  imaging  software.  p53  (empty  circles)  and  6KR  mutant  (filled  circles)  levels  were 
normalized  to  GFP  levels  and  were  set  to  1  in  the  absence  of  MDM2. 


non-specific  effect  <*>n  p53  activation  caused  by  HDAC1 
or  its  mutant.  After  UV  treatment,  however,  the  p53 
acetylation  level  was  significantly  enhanced  in  NIH  3T3 
cells  overexpressing  dominant  negative  HDAC1  and 
reduced  in  the  wild-type  HDAC1 -expressing  cells  (Figure 
6 A  and  C).  This  result  demonstrates  that  HDAC1  can 
modulate  p53  acetylation  status  in  response  to  DNA 
damage.  Consistent  with  the  hypothesis  that  acetylation 
promotes  p53  stability,  the  level  of  stabilized  p53  protein 
is  dramatically  increased  in  the  H141A  mutant  cell  line  in 


response  to  UV  irradiation  (Figure  6A  and  B).  This 
conclusion  is  further  supported  by  the  observation  of  an 
increase  in  p53  half-life  in  mutant  HDAC1  H141A- 
expressing  cells  and  a  decrease  in  wild-type  HDAC1- 
expressing  cell  when  compared  with  control  cell  lines 
(Figure  6D  and  E).  Importantly,  the  UV-induced,  p53- 
dependent  induction  of  p21  and  MDM2  also  reaches  a 
much  higher  level  in  HDAC1  H141A  mutant  cell  lines 
than  in  control  and  wild-type  HDAC1  lines,  demonstrating 
that  an  increase  in  p53  acetylation  is  accompanied  by  both 
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p53  stabilization  and  enhanced  function  (Figure  6A  and 
B).  Together,  these  results  support  the  idea  that  HDAC1 
regulates  p53  stability  and  function  by  modulating  its 
acetylation  levels. 

Discussion 

We  have  demonstrated  previously  that  acetylation  of  p53 
is  invariably  and  transiently  induced  upon  its  activation 
(Ito  et  al. ,  2001).  The  transient  nature  of  p53  acetylation 
suggests  the  presence  of  negative  regulators  for  p53 
acetylation.  In  this  report,  we  identify  MDM2  and  HDAC1 
as  the  key  components  that  function  cooperatively  to 
control  p53  deacetylation.  We  found  that  acetylation 
functions,  at  least  in  part,  by  promoting  p53  stability.  The 
realization  that  p300/CBP-mediated  acetylation  and 
MDM2-mediated  ubiquitylation  occur  at  a  common  set 
of  lysine  residues  provides  a  potential  molecular  mechan¬ 
ism  by  which  acetylation  controls  p53  stability  by 
competing  with  ubiquitylation.  The  identification  of  an 
MDM2-HDAC1  interaction  thus  provides  a  novel  mech¬ 
anism  to  couple  the  regulation  of  acetylation  and 
ubiquitylation  for  the  efficient  control  of  p53  levels. 

We  have  previously  demonstrated  that  p53  acetylation 
is  negatively  regulated  by  MDM2  and  that  this  activity  can 
be  reversed  by  pl4ARF  (Ito  et  al .,  2001).  We  and  others 
have  shown  that  MDM2  suppresses  p53  acetylation,  at 
least  in  part,  by  inhibiting  the  acetyltransferase  activity  of 
p300  and  CBP  (Kobet  et  al .,  2000;  Ito  et  al ,  2001). 
However,  we  also  observed  that  the  inhibitory  activity  of 
MDM2  toward  p53  acetylation  can  be  reversed  by  the 
deacetylase  inhibitor  TSA  (Ito  et  al. ,  2001).  This  obser¬ 
vation  led  us  to  propose  that  MDM2  must  utilize 
additional  mechanisms  to  regulate  p53  acetylation.  The 
identification  of  a  specific  interaction  between  MDM2  and 
HDAC1  now  provides  evidence  for  a  second  mechanism 
employed  by  MDM2  to  control  p53  acetylation. 
Consistent  with  the  idea  that  MDM2  recruits  HDAC1  to 
downregulate  p53  acetylation,  HDAC1,  but  not  other 
members  of  the  HD  AC  family  (2,  3,  4,  5  and  7),  has  the 
capacity  to  function  as  a  p53  deacetylase  towards  all  three 
known  acetylated  lysine  residues  of  p53  in  vivo  (Figure  2; 
data  not  shown).  Interestingly,  HDAC2  has  been  found  to 
co-exist  with  HDAC1  in  several  complexes  (Zhang  et  al. , 
1998a),  but  does  not  interact  with  MDM2  appreciably  and 
has  no  significant  p53  deacetylase  activity.  This  surprising 
observation  raises  an  interesting  possibility  that  HDAC1 
might  reside  in  a  different  complex  to  function  as  a  p53 
deacetylase.  An  earlier  report  demonstrated  that  HDAC1 
acts  as  a  p53  deacetylase  based  on  the  observation  that 
overexpression  of  HDAC1 -associated  PID/MTA-2  protein 
can  induce  p53  deacetylation  (Luo  et  al. ,  2000).  Our  study, 
however,  provides  the  first  direct  evidence  that  HDAC1 
indeed  functions  as  a  p53  deacetylase  in  vivo  (Figure  2).  It 
is  worth  noting  that  our  data  suggest  that  MDM2  and 
HDAC1  may  interact  via  an  intermediate  factor;  however, 
given  the  important  role  of  PID/MTA-2  in  p53  deacetyl¬ 
ation  (Luo  et  al. ,  2000),  it  remains  to  be  tested  whether 
PID  plays  a  role  in  mediating  the  HDAC1-MDM2 
interaction.  The  important  role  of  HDAC1  in  MDM2- 
mediated  p53  deacetylation  is  further  substantiated  by  the 
finding  that  a  dominant-negative  HDAC1  mutant  (H141  A) 
can  restore  p53  acetylation  levels  in  the  presence 


of  MDM2  (Figure  4).  The  identification  of  an 
MDM2-HDAC1  complex  not  only  provides  a  novel 
mechanism  by  which  p53  acetylation  is  regulated,  but  it  - 
also  revealed  an  unexpected  link  between  the  acetylation 
and  ubiquitylation  machinery  (see  below  for  more 
discussion). 

Although  high  levels  of  HDAC1  can  induce  p53 
deacetylation  in  the  absence  of  MDM2,  low  levels  of 
HDAC1,  which  likely  reflect  physiological  conditions,  fail 
to  do  so  (Figure  3A  and  B).  However,  the  ability  of 
HDAC1  to  function  as  a  p53  deacetylase,  at  low  levels, 
is  dramatically  induced  in  the  presence  of  MDM2 
(Figure  3B).  This  result  suggests  that  MDM2  facilitates 
the  functional  interaction  between  HDAC1  and  p53.  In 
support  of  this  hypothesis,  we  showed  that  the  physical 
association  between  HDAC1  and  p53  was  enhanced  in  the 
presence  of  MDM2  (Figure  3C).  As  the  level  of  HDAC1 
itself  appears  to  be  constant  and  not  subject  to  regulation 
(Figure  IE;  A.lto,  unpublished  observation),  the  inter¬ 
action  with  MDM2,  whose  level  is  regulated  by  p53  in 
response  to  various  stresses,  provides  a  means  to  control 
the  activity  of  HDAC1  toward  p53.  Under  this  scenario, 
the  p53  deacetylase  activity  of  HD  AC  1  becomes  activated 
when  the  MDM2  levels  are  increased  by  active  p53  in 
response  to  stress.  Consistent  with  this  idea,  the  endogen¬ 
ous  interaction  between  HDAC1  and  MDM2  is  enhanced 
after  DNA  damage  when  the  level  of  MDM2  is  induced 
(Figure  IE).  Thus,  together  with  MDM2,  HDAC1 
becomes  a  key  component  of  a  p53  negative  feedback 
loop.  Supporting  this  idea,  inhibition  of  HDAC1  activity 
by  an  HDAC1  dominant-negative  mutant  leads  to  a 
dramatic  enhancement  of  DNA  damage-induced  p53 
acetylation,  p53  stability  and  activity  (Figure  6).  The 
cooperative  activity  of  MDM2  and  HDAC1  toward  p53 
could  be  achieved  through  the  stimulation  of  p53-HDACl 
complex  formation  as  shown  in  Figure  3C.  Another 
interesting  possibility  is  that,  as  MDM2  can  ubiquitylate 
substrates  other  than  p53  (Shenoy  et  al. ,  2001),  MDM2 
might  regulate  the  activity  of  HDAC1  by  ubiquitylating 
HDAC1  or  a  component  of  the  HDAC1  complex.  Such  a 
possibility  is  consistent  with  our  previous  observation  that 
p!4ARF  which  is  known  to  inhibit  the  MDM2  E3  ligase 
activity  toward  p53  (Honda  and  Yasuda,  1999),  can 
reverse  MDM2-mediated  p53  deacetylation  (Ito  et  al. , 
2001). 

Regardless  of  the  mechanism,  our  results  support  the 
idea  that  the  recruitment  of  HDAC1  by  MDM2  plays  an 
important  role  in  regulating  p53  deacetylation  and  func¬ 
tion.  However,  it  is  likely  that  HDAC1  is  not  the  only 
deacetylase  that  regulates  p53  acetylation.  We  have 
evidence  that  a  portion  of  p53  deacetylation  could  be 
carried  out  in  the  cytoplasm  whereas  HDAC1  resides  in 
the  nucleus  (A.lto,  Y.Kawaguchi  and  T.P.Yao,  unpub¬ 
lished  observation).  Furthermore,  recent  studies  have 
shown  that  the  NAD-dependent  and  TSA-insensitive 
histone  deacetylase  Sir-2,  can  also  deacetylate  p53  (Luo 
et  al ,  2001;  Vaziri  et  al ,  2001).  However,  unlike 
HDAC1,  which  is  able  to  deacetylate  p53  at  all  three 
known  acetylated  Lys  residues,  Sir-2  was  shown  to  mainly 
deacetylate  Lys  382  (Vaziri  et  al ,  2001).  Further  studies 
will  be  required  to  elucidate  the  individual  role  of  these 
deacetylases  in  regulating  p53  function.  However,  the 
participation  of  multiple  deacetylases  further  supports  the 
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Fig.  6.  Effect  of  HDAC1  on  p53  acetylation,  stability  and  activity  in  response  to  DNA  damage.  (A)  NIH  3T3  cells  infected  with  mock  vector  (control), 
pBabe-HDACl  wild-type  (HDACI-wt),  or  pBabe-HDACl  H141A  mutant  (HDAC1  H141A)  were  exposed  to  UV-B  (75  J/m2  ).  Cells  were  harvested 
at  the  indicated  times.  The  levels  of  total  p53  (panel  1),  acetylated  p53  (panel  2),  p21  (panel  3),  MDM2  (panel  4)  and  the  internal  control  a-tubulin 
(panel  5)  were  assessed  by  immunoblotting.  (B  and  C)  The  band  intensity  of  p53,  acetylated  p53  and  a-tubulin  protein  levels  in  all  three  cell  lines 
were  measured  with  NIH  imaging  software.  The  levels  of  p53  (B)  and  acetylated  p53  (C)  were  normalized  to  a-tubulin  and  the  highest  intensity  levels 
of  p53  or  acetylated  p53  were  set  to  1.  (B)  and  (C)  are  representative  results  of  three  (B)  and  two  (C)  independent  experiments.  (D)  All  three  stable 
cell  lines  were  exposed  to  UV-B  (75  J/m2)  and  2  h  post-irradiation,  cyclohexamide  (10  JIg/ml)  was  added  to  inhibit  new  p53  protein  synthesis  (desig¬ 
nated  0  h).  Cells  were  harvested  at  the  time  points  indicated  after  cyclohexamide  treatment.  The  level  of  total  p53  (upper  panel)  and  a-tubulin  (lower 
panel)  was  determined.  (E)  The  band  intensity  of  p53  and  a-tubulin  protein  levels  were  measured  by  NIH  imaging  software.  p53  levels  were  normal¬ 
ized  to  a-tubulin  levels  and  calculated  against  the  amount  of  p53  present  at  time  point  0,  which  was  set  at  100%.  Results  are  representative  of  three 
independent  experiments. 


idea  that  acetylation  is  a  critical  mechanism  for  regulation 
of  p53. 

We  have  previously  shown  that  acetylation  appears  to 
be  a  critical  modification,  as  it  invariably  accompanies  p53 
activation  and  is  the  target  of  key  p53  regulators,  like 
MDM2,  pl4ARF  and  p300/CBP  (Ito  et  al ,  2001).  However, 
the  exact  function  and  mechanism  by  which  acetylation 


controls  p53  activation  remains  unclear.  As  acetylation 
stimulates  p53  DNA-binding  activity  in  vitro  (Gu  and 
Roeder,  1997;  Sakaguchi  et  al. ,  1998),  it  was  hypothesized 
that  acetylation  of  p53  promoted  its  transcriptional  activ¬ 
ity.  Supporting  this  idea,  a  recent  study  shows  that, 
although  it  does  not  play  a  major  role  on  p53  association 
with  target  promoters  in  vivo ,  p53  acetylation  is  involved 
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Fig.  7.  A  model  for  the  regulation  and  interplay  of  p53  acetylation  and 
ubiquitylation.  Under  unstressed  conditions,  p53  is  ubiquitylated  on  ly¬ 
sine  residues  by  MDM2  and  targeted  for  degradation  (A).  Upon  its  acti¬ 
vation  by  various  cellular  insults,  p53  becomes  acetylated  by  p300/CBP 
at  the  same  set  of  lysine  residues  also  targeted  by  MDM2  (B). 
Acetylation  on  lysine  residues  thus  prevents  MDM2-mediated  ubiquityl¬ 
ation  and  leads  to  p53  stabilization  (C).  The  stabilized  p53  functions  as 
a  tumor  suppressor  and  also  induces  MDM2  (D).  The  high  level  of 
MDM2,  in  turn,  recruits  the  p53  deacetylase  HDAC1  and  triggers  p53 
deacetylation  (E).  The  deacetylated  p53  with  unmodified  lysine  resi¬ 
dues  is  now  ready  to  be  ubiquitylated  by  MDM2  and  ultimately 
degraded. 


in  the  recruitment  of  transcriptional  co-activators  (Bariev 
et  al. ,  2001).  Our  current  study  provides  evidence  that,  in 
addition  to  a  role  in  p53  transcriptional  activity,  there 
exists  another  novel  function  for  p53  acetylation.  We  have 
reported  previously  the  parallel  kinetics  of  p53  acetylation 
and  stabilization  and  the  enhancement  of  p53  stability  by 
inhibition  of  its  deacetylation  (Ito  et  al,  2001).  Both 
observations  are  consistent  with  the  idea  that  one  function 
of  acetylation  is  to  promote  p53  stability.  By  assessing  the 
p53  status  in  fibroblasts  stably  overexpressing  a  dominant¬ 
negative  mutant  of  HDACl,  we  have  obtained  further 
evidence  that  enhanced  acetylation  is  associated  with  an 
increase  in  p53  protein  stability  in  response  to  DNA 
damage  (Figure  6).  Although  the  complete  in  vivo 
acetylation  sites  in  p53  still  remain  to  be  established,  the 
in  vitro  mapping  effort  reveals  that  both  p300/CBP- 
mediated  acetylation  (Figure  5B)  and  MDM2-mediated 
ubiquitylation  (Nakamura  et  al. ,  2000;  Rodriguez  et  al. , 
2000)  occurred  at  an  overlapping  set  of  lysine  residues 
(Figure  5C).  This  observation  offers  a  further  link  between 
p53  acetylation  and  stability.  The  potential  competition  for 
acetylation  and  ubiquitylation  of  these  lysine  residues 
provides  a  plausible  molecular  mechanism  by  which 
acetylation  promotes  p53  stability.  In  this  model 
(Figure  7),  at  the  p53  basal  state,  a  set  of  C-terminal 
lysine  residues  of  p53  are  subject  to  MDM2-mediated 
ubiquitylation,  which  leads  to  p53  degradation.  Upon  its 
activation  by  stress  signals,  these  lysine  residues  become 
acetylated  by  p300/CBP  and  are  no  longer  available  for 
MDM2-dependent  ubiquitylation,  leading  to  p53  stabili¬ 
zation.  Stabilized  p53  functions  as  a  tumor  suppressor  and 
induces  high  levels  of  MDM2,  which  in  turn,  promotes 
p53  deacetylation  by  recruiting  a  p53  deacetylase, 
HDACl.  The  unmodified  lysine  residues  can  then  serve 


as  the  substrates  for  MDM2-mediated  ubiquitylation 
resulting  in  p53  degradation.  The  interaction  of  MDM2 
and  HD  AC  1  provides  a  novel  molecular  mechanism  for  an  „ 
efficient  coupling  of  deacetylation  and  ubiquitylation  of 
p53  that  allows  MDM2  to  effectively  inactivate  and 
degrade  p53  and  complete  the  negative  feedback  loop.  The 
potential  functional  interaction  between  the  acetylation 
and  ubiquitylation  machinery  described  in  this  model 
would  also  suggest  a  broader  and  more  general  role  for 
reversible  acetylation  in  the  regulation  of  protein  stability 
and  other  ubiquitylation-dependent  biological  processes. 


Materials  and  methods 

Ceil  lines  and  transfection 

293T,  HI 299,  A549  and  MDM2-/-;p53-/-  double  null  MEF  cells  were 
maintained  in  Dulbecco’s  modified  Eagle’s  medium  (DMEM)  supple¬ 
mented  with  10%  fetal  bovine  serum,  while  NIH  3T3  cells  were 
maintained  in  DMEM  supplemented  with  10%  calf  serum.  All  cells 
were  grown  at  37°C  in  a  humidified  atmosphere  of  5%  CO2.  All 
transfections  were  performed  by  either  the  calcium  phosphate  method  as 
described  previously  (Yao  et  al.,  1992)  or  the  lipofectamine  method 
(Invitrogen).  Retroviruses  were  produced  by  transient  transfection  of  a 
pBabe  Puro  vector  construct  into  phoenix  cells.  NIH  3T3  cells  were 
infected  with  retrovirus  containing  media  in  the  presence  of  8  pg/ml  of 
polybrene  overnight.  Thirty-six  hours  later,  cells  were  selected  in  the 
presence  of  1.5  pg/ml  puromycin  and  kept  under  selection  in  medium 
containing  1.5  pg/ml  puromycin  during  experiments. 

Plasmids 

p53,  MDM2,  and  p300  vectors  were  described  previously  (Ito  et  al. , 
2001).  HDAC3  cDNA  was  provided  by  Dr  F.Dangond  (Harvard  Medical 
School)  and  cloned  into  the  EcoRV  Notl  sites  of  pcDNA3  vector  with  a 
Flag  tag.  HDAC4  and  5  cDNAs  were  provided  by  Dr  S.L.Schreiber 
(Harvard  University)  and  described  in  Grozinger  et  al.  (1999).  HDACl 
H141 A  mutant  cDNA  (provided  by  Dr  S.L.Schreiber)  was  subcloned  into 
the  BamHVEcoRl  sites  of  pcDNA3  vector.  For  retroviral  constructs, 
HDACl  wild-type  and  H141A  mutant  cDNAs  were  cloned  into  the  Bam 
HI/EcoRI  sites  of  the  pBabe  Puro  vector.  p53-3KA  mutant  cDNA, 
mutated  lysines  320,  373  and  382  to  alanine,  6KR  mutant,  and  mutated 
lysines  320,  370,  372,  373,  381  and  382  to  arginine  cDNAs  were 
generated  by  site-directed  mutagenesis  and  cloned  into  the  pcDNA3  or 
the  pGEX  vector  (Amersham). 

DNA-damage  treatment 

DNA  damage  was  performed  by  exposing  cells  to  a  310  nm  wavelength 
UV  source  and  cells  were  harvested  at  indicated  time  points. 

Immunoprecipitation  and  immunoblotting 

Cells  were  lysed  in  buffer  (20  mM  Tris-HCl  pH  7.6, 170  mM  NaCl,  1  mM 
EDTA,  0.5%  NP-40,  1  mM  DTT)  supplemented  with  5  pM  TSA  and 
protease  inhibitors.  For  immunoprecipitation  with  anti-goat  p53  antibody, 
equal  amounts  of  lysate  (containing  100-300  pg  of  total  cellular  protein) 
were  incubated  with  1  pg  of  goat  anti-p53  antibody  (FL-393;  Santa  Cruz) 
and  protein  G-Sepharose  (Pharmacia)  for  3  h  at  4°C.  To  detect  acetylated 
mouse  p53,  equal  amounts  of  lysate  (containing  300-500  pg  of  total 
cellular  protein)  were  incubated  with  agarose-conjugated  anti-p53 
antibody  (Pab421)  overnight  at  4°C.  To  detect  endogenous  MDM2  and 
HDACl  interaction,  2  mg  of  cellular  lysate  was  incubated  with  1  pg  of 
anti-MDM2  antibody  (SMP14;  Santa  Cruz)  and  protein  A  and 
G-Sepharose  mixtures  (Pharmacia)  overnight  at  4°C.  When  immunopre¬ 
cipitation  was  not  performed,  20-50  pg  of  total  extracts  were  analyzed. 
Proteins  were  detected  by  chemiluminescent  ECL  kit  (Amersham)  with 
one  of  the  following  antibodies:  anti-human  p53  antibody  (Ab-6; 
Calbiochem),  anti-p53  antibody  for  detecting  mouse  p53,  anti-human 
acetylated  (Lys320)  p53  antibody  (Sakaguchi  et  al. ,  1998),  anti-human 
acetylated  (Lys373)  p53  antibody,  anti-human  acetylated  (Lys382)  p53 
antibody  (Calbiochem),  anti-mouse  acetylated  (Lys382)  p53  antibody, 
anti-human  MDM2  antibody  (SMP14;  Santa  Cruz),  anti-Flag  antibody 
(M2;  Sigma),  anti-HD  AC  1  antibody  (H-ll;  Santa  Cruz),  anti-a-tubulin 
antibody  (DM1  A;  Sigma),  anti-p21  antibody  (HI 64;  Santa  Cruz)  or  anti- 
GFP  antibody  (Boehringer  Mannheim). 
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In  vitro  deacetylation  assay 

The  expression  vectors  for  Flag-tagged  HDACs  (10-15  pg)  were 
transfected  into  293T  cells  and  the  cells  were  lysed  in  low  stringency 
buffer  (50  mM  Tris-HCl  pH  7.5,  120  mM  NaCl,  0.5  mM  EDTA,  0.5% 
NP-40)  in  the  presence  of  protease  inhibitors.  After  pre-clearing  with 
protein  A  beads,  the  extracts  were  immunoprecipitated  with  anti-Flag 
antibody  in  the  presence  of  rabbit  anti-mouse  antibody  and  protein  A 
beads  for  5  h  at  4°C  and  then  the  beads  were  washed  three  times  with  low 
stringency  buffer,  twice  with  low  stringency  buffer  containing  0.5  M 
NaCl,  and  twice  with  deacetylase  buffer  (10  mM  Tris-HCI  pH  8.0, 10  mM 
NaCl,  10%  glycerol).  For  inhibition  studies,  the  immune  complexes  were 
pre-incubated  with  400  nM  of  TSA  in  deacetylase  buffer  for  30  min  at 
4°C.  The  immune  complexes  were  incubated  with  10  000  c.p.m.  of  re¬ 
labeled  acetylated  GST-p53  or  3H-labeled  acetylated  histone  4  peptide  in 
200  pi  of  deacetylase  buffer  for  2  h  at  37°C  and  the  release  of  [14C]  or 
[3H]acetate  was  quantified  by  scintillation  counting. 

In  vitro  acetylation  assay 

The  in  vitro  acetylation  assay  was  performed  as  described  previously  (Ito 
et  al ,  2001).  Briefly,  recombinant  CBP  protein  (1  pg),  purified  from  sf9 
insect  cells  infected  with  baculovirus  expressing  CBP,  was  incubated 
with  1  pg  of  wild-type  GST-p53  or  GST-p53  mutants  in  the  presence  of 
50  nCi  [14C]acetyl-coenzyme  A  in  30  pi  of  reaction  buffer  (50  mM 
Tris-HCl  pH  8.0,  10%  glycerol,  1  mM  dithiothreitol,  100  pM  EDTA, 
1  mM  PMSF)  for  1  h  at  37°C.  Acetylation  was  analyzed  by  SDS-PAGE 
followed  by  autoradiography. 
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Abstract 


The  basal  level  of  the  tumor  suppressor  p53  is  regulated  by  MDM2-  mediated 
ubiquitination  at  specific  lysines,  which  leads  to  p53  nuclear  exclusion  and  degradation. 
Upon  cellular  stresses,  however,  these  lysines  become  acetylated  by  p300/CBP  resulting 
in  p53  stabilization.  Here  we  report  an  unexpected  finding  that  p300-mediated  acetylation 
also  promotes  cytoplasmic  localization  of  p53.  Over-expression  of  p300,  but  not  an 
acetyltransf erase-deficient  mutant,  stimulates  the  cytoplasmic  accumulation  of  p53,  an 
effect  negated  either  by  inactivating  its  C-terminal  nuclear  export  signal  (NES),  or  by  the 
nuclear  export  inhibitor,  LMB.  p300-dependent  nuclear  exit  of  p53  does  not  involve 
MDM2,  but  requires  multiple  lysines  targeted  by  p300.  Conversion  of  a  minimum  of 
four  lysines  to  alanines  but  not  arginines  mimics  the  effect  of  MDM2  and  p300  on  the 
cytoplasmic  accumulation  of  p53  by  preventing  p53  tetramerization  and  thus  potentially 
exposing  its  NES.  Our  results  suggest  that  acetylation  and  ubiquitination  regulate  p53 
transport  by  neutralizing  the  lysine  charge,  which  in  turn  controls  p53  oligomerization 
and  the  accessibility  of  the  NES.  Thus,  the  charge  patch  created  by  C-terminal  lysines  is 
critical  for  the  regulation  of  p53  nuclear-cytoplasmic  distribution. 
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Introduction 

The  tumor  suppressor  p53  plays  critical  roles  in  regulating  cell  growth  and 
protecting  cells  from  malignant  transformation.  Due  to  its  growth  inhibitory  and  pro- 
apoptotic  activity,  p53  is  kept  inactive  at  low  concentrations  in  unstressed  cells  and  any 
activation  of  p53  must  be  transient.  In  general,  the  negative  regulation  of  p53  requires  the 
oncogene  MDM2  (1).  MDM2  can  bind  p53  directly  and  suppress  p53  transcriptional 
activity  (2-4).  MDM2  also  regulates  p53  protein  stability  by  serving  as  an  E3  ligase  for 
p53  ubiquitination,  which  triggers  the  rapid  degradation  of  p53  (5-8).  The  induction  of 
MDM2  by  p53  is  believed  to  form  the  basis  of  a  negative  feedback  loop  that  ensures  that 
p53  activation  is  transient  (9).  However,  a  recent  study  showed  that,  in  response  to 
specific  stresses,  the  activation  of  p53  does  not  lead  to  MDM2  induction  (10).  This 
observation  suggests  the  existence  of  an  alternative  mechanism  that  is  capable  of 
terminating  p53  activity. 

The  activity  of  p53  is  also  regulated  by  its  subcellular  localization.  p53  actively 
shuttles  between  the  nucleus  and  cytoplasm  via  a  mechanism  that  is  mediated  by  a 
nuclear  export  signal  (NES)  and  its  receptor  Crm-1  (reviewed  in  (11)).  Although  its 
importance  for  p53  function  is  apparent,  little  is  known  about  how  p53  nuclear  export  is 
regulated.  Recently,  p53  export  was  reported  to  be  activated  by  MDM2-mediated 
ubiquitination  (12-15).  However,  the  exact  mechanism  by  which  ubiquitination  promotes 
p53  nuclear  export  is  not  known.  It  has  been  also  proposed  that  the  C-terminal  NES  is 
normally  exposed  in  the  inactive  monomeric  or  dimeric  forms  of  p53,  which  are  subject 
to  active  nuclear  export.  Upon  activation,  however,  p53  forms  tetramers,  in  which  the  C- 
terminal  NES  is  buried  and  inaccessible  to  the  Crml  export  machinery,  resulting  in  p53 
nuclear  retention  (16).  At  present,  it  is  not  understood  how  the  oligomerization  status  of 
p53  is  regulated  in  response  to  specific  stress  signals  or  modifications,  such  as 
ubiquitination,  that  control  p53  function. 

In  contrast  to  ubiquitination,  acetylation  has  been  generally  believed  to  play  a 
positive  role  in  p53  function  (reviewed  in  (17)).  We  have  shown  that  various  p53- 
activating  agents  promote  p53  acetylation,  which  is  correlated  with  increased  stability 
(18).  The  acetylation  of  p53,  which  is  catalyzed  by  the  p300/CBP  acetyltransferases, 
occurs  on  at  least  six  lysine  residues  clustered  at  the  C-terminus  (18-21)  (A.I.  and  T.P.Y, 
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submitted).  It  is  unclear  why  so  many  lysines  are  modified  by  acetylation.  Nor  is  it 
known  whether  the  acetylation  of  the  lysines  provides  a  functional  moiety  for  protein 
interaction  or  serves  to  modify  the  conformation  of  p53.  One  clue  as  to  the  function  of 
p53  acetylation  lies  in  several  potentially  interesting  links  between  acetylation  and 
ubiquitination.  For  example,  both  the  acetylation  and  ubiquitination  machinery  modify 
the  e  amino  group  of  the  lysine  residue.  Furthermore,  acetylation  and  ubiquitination  occur 
on  a  common  set  of  lysine  residues  at  the  C-terminus  of  p53  (A.I.  and  T.P.Y.  submitted). 
Lastly,  MDM2  negatively  regulates  p53  acetylation  (18,  22).  From  these  observations, 
we  hypothesize  that  MDM2-mediated  ubiquitination  and  p300/CBP-mediated  acetylation 
target  the  same  set  of  lysine  residues  in  p53  to  control  its  function. 

Here,  we  report  new  data  demonstrating  that,  in  contrast  to  its  known  positive  role 
in  p53  function,  p300-mediated  acetylation  also  promotes  p53  nuclear  exit  leading  to  p53 
accumulation  in  the  cytoplasm.  We  show  that  over-expression  of  p300  stimulates 
cytoplasmic  accumulation  of  p53  in  an  acetylation-dependent  but  MDM2-independent 
manner.  Mechanistically,  we  provide  evidence  suggesting  that  both  acetylation  and 
ubiquitination  promote  redistribution  of  p53  to  the  cytoplasm  by  neutralizing  the  positive 
charge  of  the  C-terminal  lysine  residues.  We  further  show  that  the  charge  neutralization 
of  four  or  five  C-terminal  lysines  prevents  p53  oligomerization,  which  would  lead  to  the 
exposure  of  the  p53  NES,  and  thus  allows  efficient  p53  nuclear  export.  The  requirement 
of  multiple  modified  lysines  for  efficient  export  suggests  a  potential  novel  threshold 
mechanism  wherein  the  acetylation  level  of  p53  serves  as  a  signal  that  terminates  p53 
function  by  activating  its  nuclear  export. 

Results 

Acetylation  regulates  subcellular  localization  of  p53 

We  have  previously  shown  that  p53  becomes  acetylated  by  p300/CBP  upon 
cellular  stresses  (18).  As  p53  activation  is  accompanied  by  its  accumulation  in  the 
nucleus,  we  asked  whether  p300-mediated  acetylation  regulates  p53  subcellular 
localization.  To  test  this,  we  transfected  p53  null  HI 299  cells  with  expression  plasmids 
for  p53  and  p300,  and  then  examined  p53  subcellular  localization.  As  shown  in  Figure 
lA(a),  when  expressed  alone,  p53  resides  almost  exclusively  in  the  nucleus.  To  our 
surprise,  upon  co-expression  with  p300,  p53  localized  to  both  the  nucleus  and  the 
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cytoplasm  in  the  majority  of  the  cells  expressing  both  transfected  p53  and  p300  (Figure 
1  A(b),  and  B).  Cell  counts  demonstrated  that  up  to  84%  of  the  cells  that  expressed  both 
p53  and  p300,  showed  cytoplasmic  accumulation  of  p53  (Figure  IB).  To  determine  if  the 
accumulation  of  p53  in  the  cytoplasm  involved  p53  acetylation,  we  first  examined 
whether  an  acetyltransferase-deficient  p300DYmutant  (C.H.  Lai,  T.P.Y.  in  preparation) 
could  affect  the  subcellular  localization  of  p53.  As  shown  in  Figure  1  A(c)  and  B,  unlike 
wild  type  p300,  the  acetyltransferase  deficient  p300DYmutant  did  not  stimulate  p53 
accumulation  in  the  cytoplasm.  Importantly,  neither  p300  nor  the  p300DY  mutant  had  an 
effect  on  the  levels  of  p53  under  our  experimental  conditions  (Figure  ID,  and  (18)). 
Together,  these  results  indicate  that  p300-mediated  cytoplasmic  accumulation  of  p53 
requires  p300-acetyltransferase  activity. 

As  p53  subcellular  localization  is  regulated  by  active  nuclear  export,  we 
investigated  whether  acetylation-dependent  p53  accumulation  in  the  cytoplasm  is 
dependent  on  the  activation  of  the  nuclear  export  machinery.  As  shown  in  Figure  lA(d) 
and  B,  the  nuclear  export  inhibitor  leptomycin  B  (LMB)  efficiently  blocked  the 
cytoplasmic  accumulation  of  p53  induced  by  p300.  We  also  evaluated  the  subcellular 
localization  of  a  p53  mutant  whose  C-terminal  nuclear  export  signal  (NES)  is  inactivated 
(16).  As  shown  in  Figure  lA(f)  and  B,  the  p53  nuclear  export  mutant  no  longer 
responded  to  p300  and  remained  in  the  nucleus.  These  results  demonstrate  that  p300- 
mediated  cytoplasmic  accumulation  of  p53  requires  the  C-terminal  NES  and  suggest  that 
acetylation  enhances  p53  nuclear  export. 

To  further  extend  our  studies  beyond  the  immuno-localization  analysis,  we 
determined  the  subcellular  localization  of  p53  in  response  to  p300  by  biochemical 
fractionation.  As  shown  in  Figure  1C,  p53  is  normally  a  nuclear  protein  (Lane  1-2). 
However,  co-expression  of  wild  type  p300,  but  not  the  p300DY  mutant,  induced  a 
marked  accumulation  (25  %  of  the  total  p53)  of  the  p53  protein  in  the  cytoplasmic 
fraction  (compare  lane  2, 4  and  6).  The  p300-dependent  cytoplasmic  accumulation  of  p53 
could  again  be  largely  reversed  by  LMB  treatment  (Lane  8).  These  results  are  in 
agreement  with  the  data  obtained  from  the  immuno-localization,  providing  further 
evidence  that  p300-mediated  acetylation  affects  subcellular  localization  of  p53. 
Importantly,  the  presence  of  acetylated  p53  in  the  cytoplasmic  fraction  suggests  that  p53 
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can  be  exported  to  the  cytoplasm  after  being  acetylated  (Figure  1C).  These  results  are 
consistent  with  the  idea  that  p300-mediated  p53  acetylation  promotes  p53  nuclear  export. 
p300-mediated  cytoplasmic  accumulation  of  p53  is  independent  of  MDM2 

It  was  reported  that  MDM2  stimulates  p53  nuclear  export  by  promoting  p53 
ubiquitination  (12,  13).  As  p300  functionally  interacts  with  MDM2  (23),  we  determined 
whether  p300-induced  cytoplasmic  accumulation  of  p53  requires  MDM2.  To  test  this 
idea,  we  expressed  p53  alone  or  together  with  p300  in  MDM2-deficient  MEF  cells  (24), 
and  assessed  p53  subcellular  localization.  As  shown  in  Figure  2A,  in  the  absence  of 
MDM2,  p300  is  still  capable  of  stimulating  the  cytoplasmic  accumulation  of  p53.  In  fact, 
more  than  90%  of  cells  over-expressing  p300  showed  p53  in  cytoplasm,  which  is  similar 
to  the  effect  induced  by  MDM2  (Figure  2B).  This  result  indicates  that  p300-mediated 
cytoplasmic  accumulation  of  p53  is  independent  of  MDM2. 

C-terminal  lysine  residues  are  required  for  efficient  acetylation-induced  cytoplasmic 
accumulation  of  p53 

The  results  presented  so  far  support  the  idea  that  p300  affects  subcellular 
localization  of  p53  in  an  acetylation-dependent  manner,  likely  by  directly  acetylating 
p53.  To  further  investigate  this  possibility,  we  determined  whether  lysine  (K)  residues 
known  to  be  acetylated  by  p300  are  required  for  acetylation-induced  cytoplasmic 
accumulation  of  p53.  We,  therefore,  mutated  multiple  lysines  to  arginines  (5KR  and 
6KR,  Figure  3A)  that  are  known  targets  of  acetylation  by  p300  (A.I.  and  T.P.Y. 
submitted)  and  evaluated  the  subcellular  distribution  of  these  mutants  in  response  to 
p300.  As  shown  in  Figure  3B,  when  expressed  alone,  the  localization  of  these  p53  KR 
mutants  is  almost  entirely  nuclear  and  indistinguishable  from  wild  type  p53.  However,  in 
response  to  ectopically  expressed  p300,  the  number  of  cells  that  show  a  cytoplasmic 
accumulation  of  the  5KR  (51%)  and  6KR  (30%)  p53  mutants  is  markedly  reduced 
compared  to  that  of  wild  type  p53  (84%).  These  data  indicate  that  the  lysine  residues 
acetylated  by  p300  are  required  to  mediate  a  maximal  p53  nuclear  exit  in  response  to 
p300. 

Neutralization  of  positively  charged  lysine  residues  in  the  C-terminus  regulates 
subcellular  localization  of  p53 


Our  data  suggests  that,  similar  to  ubiquitination,  the  acetylation  of  p53  also  leads 
to  its  accumulation  in  the  cytoplasm.  As  previously  mentioned,  acetylation  and 
ubiquitination  modify  an  over-lapping  set  of  lysine  residues  (Figure  3  and  A.I.  and  T.P.Y. 
submitted).  Although,  ubiquitin  and  acetyl  groups  have  little  in  common  structurally,  they 
both  modify  the  e  amino  group  of  the  lysine  residue  and  neutralize  its  charge.  We 
hypothesize  that  acetylation  and  ubiquitination  promote  p53  nuclear  exit  by  neutralizing 
the  charge  of  the  targeted  lysine  residues.  To  test  this  hypothesis,  we  generated  charge¬ 
neutralizing  mutations  by  converting  lysine  (K)  residues  known  to  be  acetylated  and 
ubiquitinated  to  alanine  (A),  either  individually  or  in  combination,  and  evaluated  their 
subcellular  localization.  As  shown  in  Figure  4,  the  subcellular  localization  of  the  2KA 
and  several  3KA  (3KA-1,  3KA-2  and  3KA-3)  mutants  with  different  combination  of 
mutated  lysine  residues  (Figure  4A),  is  similar  to  that  of  wild  type  p53  and  is  mostly 
nuclear  (Figure  4B  and  C).  In  contrast,  when  four  lysine  residues  are  mutated  in  three 
different  combinations  (4KA-1,  4KA-2  and  4KA-3),  these  p53  mutants  clearly  began  to 
accumulate  in  the  cytoplasm.  The  conversion  of  five  lysine  residues  (5KA)  lead  to  a 
further  increase  in  the  number  of  cells  with  cytoplasmic  p53  staining  (Figure  4B  and  C). 
The  cytoplasmic  localization  of  the  4KA-1,  4KA-2,  4KA-3  and  5KA  p53  mutants  was 
observed  in  51%,  52%,  48%  and  64%  of  transfected  cells,  respectively,  compared  with 
19%  for  wild  type  p53  (Figure  4C).  Furthermore,  the  intensity  of  the  wild  type  p53 
protein  detected  in  the  cytoplasm  was  much  weaker  than  that  of  the  4KA  and  5KA 
mutants  (data  not  shown).  Importantly,  the  population  of  cells  showing  cytoplasmic  p53 
4KA  and  5KA  mutants  can  be  effectively  eliminated  upon  treatment  with  LMB  (Figure 
4B  and  C),  supporting  the  idea  that  the  4KA  and  5KA  mutations  lead  to  a  more  efficient 
p53  nuclear  export.  Together,  these  observations  indicate  that  the  degree  of  p53 
cytoplasmic  accumulation  is  proportional  to  the  number  of  lysine  residues  neutralized. 
Therefore,  these  results  suggest  that  ubiquitination  and  acetylation  modulate  p53 
subcellular  localization  by  modifying  the  positive  charge  of  specific  lysine  residues  at  the 
C-terminus  of  p53. 

C-terminal  lysine  charge  determines  the  oligomerization  status  of  p53 

The  accessibility  of  the  C-terminal  NES  to  the  export  machinery  has  been 
demonstrated  to  be  regulated  by  the  oligomerization  status  of  p53  (16).  We,  therefore, 
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assessed  whether  modification  of  the  lysine  charge  activates  p53  export  by  regulating  p53 
oligomerization  status.  The  observation  that  the  conversion  of  four  but  not  three  lysines 
to  alanines  activates  p53  export  provides  us  with  the  ability  to  address  this  question.  To 
test  this  possibility,  recombinant  wild  type,  3KA,  and  4KA  (4KA  1-3,  Figure  4A)  mutant 
polypeptides  encompassing  the  entire  p53  tetramerization  domain  and  lysine  rich  C- 
terminus  (amino  acids  326-393)  were  tested  for  their  ability  to  oligmerize.  A  mutant  p53 
with  four  lysines  converted  to  arginines  instead  of  alanine  (4KR),  which  prevents 
ubiquitination  and  acetylation  but  preserves  the  charge  of  the  lysine,  was  used  as  an 
additional  control.  As  shown  in  Figure  5,  the  wild  type  and  3KA  polypeptides  dimerized 
and  tetramerized  readily  (Lanes  2  and  4).  In  contrast,  the  4KA-1,  4KA-2  and  4KA-3 
polypeptides  completely  failed  to  do  so  (Lane  6,  8  and  10).  This  observation  is  consistent 
with  their  respective  sub-cellular  localizations  (Figure  4).  Importantly,  polypeptides  from 
the  4KR  mutant,  which  is  a  nuclear  protein  (data  not  shown),  showed  a  wild  type 
capacity  to  oligomerize  (Lane  12).  This  result  further  supports  the  hypothesis  that  charge 
modifications  are  one  of  the  key  elements  in  the  regulation  of  p53  oligomerization. 
Together,  these  results  demonstrate  that  the  oligomerization  status  of  p53  can  be 
controlled  by  the  charge  conferred  by  a  defined  number  of  lysine  residues. 

Discussion 

In  this  report,  we  provide  evidence  that  acetylation  regulates  p53  subcellular 
localization,  at  least  in  part,  by  activating  its  nuclear  export.  This  novel  finding  suggests 
that  acetylation  might  have  an  unsuspected  role  in  the  termination  of  p53  signaling.  Our 
attempt  to  understand  how  two  unrelated  modifications,  namely  acetylation  and 
ubiquitination,  both  stimulate  p53  nuclear  export  led  to  the  discovery  that  the  charge  of 
specific  C-terminal  lysine  residues  may  play  a  critical  role  in  regulating  p53  subcellular 
localization.  Modification  of  at  least  four  lysine  residues  by  acetylation  neutralizes  their 
charge,  which  in  turns  prevents  p53  oligomerization  and  exposes  its  nuclear  export 
signal,  leading  to  efficient  export.  Our  data  thus  provide  a  model  for  understanding  how 
p53  nuclear  export  is  regulated  by  ubiquitination  and  acetylation. 

The  regulation  of  p53  subcellular  localization  is  believed  to  be  controlled,  in  part, 
by  its  oligomerization  status.  Interestingly,  a  dominant  C-terminal  NES  is  located  in  the 
oligomerization  domain  of  p53  and  it  was  previously  suggested  that  its  oligomerization 
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status  is  involved  in  the  accessibility  of  the  p53  NES  (16).  In  fact  recent  reports  have 
shown  that  the  active  form  of  p53  assumes  a  tetrameric  conformation  that  will  mask  the 
NES  and  allow  efficient  p53  nuclear  accumulation  ((25)  (26)  (27)  (28).  In  addition,  NMR 
and  crystal  structures  of  the  oligomerization  domain  demonstrate  that  the  C-terminal  NES 
is  exposed  in  the  monomeric  or  dimeric  conformation  but  it  is  buried  in  the  p53  tetramers 
(29-31).  The  inter-conversion  between  the  tetrameric  and  monomeric  or  dimeric  states 
would,  therefore,  determine  the  availability  of  the  NES  and,  consequently,  the  efficiency 
of  p53  export.  However,  the  biochemical  mechanism  that  controls  p53  oligomerization 
and  its  regulation  is  not  known.  In  this  report,  we  provide  experimental  evidence  that  the 
charge  of  specific  lysine  residues  in  the  C-terminus  may  be  a  key  determinant  of  p53 
oligomerization,  which  could  in  turn  control  the  efficiency  of  its  nuclear  export.  This 
conclusion  is  supported  by  the  observation  that  mutations  that  neutralize  four  or  five 
specific  lysine  residues  result  in  p53  that  cannot  oligomerize  and  localize  to  the 
cytoplasm.  Importantly,  this  cytoplasmic  accumulation  can  be  reversed  by  LMB 
treatment,  further  suggesting  a  dominant  role  of  p53  nuclear  export  in  response  to  the 
charge  modification  (Figure  4  and  5).  Our  data,  however,  do  not  exclude  the  possibility 
that  the  charge  neutralization  of  lysine  residues  might  also  affect  p53  nuclear  import  as 
well.  The  importance  of  lysine  320,  which  is  part  of  the  p53  nuclear  import  signal  (NLS) 
(32),  in  acetylation-dependent  p53  cytoplasmic  accumulation  is  consistent  with  this 
possibility  (Figure  3).  Regardless  of  which  mechanism  might  play  a  more  dominant  role, 
our  results  support  the  idea  that  a  charge  modification  of  the  lysine  residues  may  dictate 
the  subcellular  localization  of  p53. 

If  the  C-terminal  charge  of  lysine  residues  plays  a  critical  role  in  p53  subcellular 
localization,  how  is  this  charge  patch  regulated?  Evidence  suggests  that  MDM2-mediated 
ubiquitination,  which  was  recently  shown  to  promote  p53  export  (14,  15),  is  one  key 
regulator.  In  theory,  the  ubiquitin  moiety  itself  could  be  the  signal  that  activates  p53 
nuclear  export,  as  is  the  case  for  its  role  in  receptor  endocytosis  (reviewed  in  (33)). 
However,  our  data  indicate  that  acetylation,  which  shares  no  structural  similarity  with 
ubiquitin,  can  nonetheless  promote  cytoplasmic  accumulation  of  p53  by  activating  the 
export  machinery.  Moreover,  our  results  and  data  from  others  demonstrate  that  mutation 
of  specific  C-terminal  lysines  to  alanines  or  isoleucine,  but  not  arginines,  leads  to  p53 
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cytoplasmic  accumulation  (Figure  4  and  5),  further  indicate  that  ubiquitination  as  well  as 
acetylation  promote  p53  export  by  neutralizing  the  charge  of  specific  lysine  residues 
(14,15,34). 

Interestingly,  although  the  conversion  of  three  different  combinations  of  four 
lysines  known  to  be  targets  of  acetylation  and  ubiquitination  to  alanines  (4KA  mutants) 
promotes  cytoplasmic  accumulation  of  p53,  the  conversion  of  only  three  lysines  with 
different  combinations  (3KA)  has  little  effect  (Figure  4).  This  result  suggests  that  there 
might  be  a  threshold  for  the  activation  of  p53  export,  which  is  determined  by  the  overall 
charge  provided  by  the  lysine  cluster  at  the  C-terminus.  In  support  of  this  possibility  we 
show  that  the  p53  4KA  mutant  fails  to  tetramerize,  while  the  3KA  mutant  oligomerizes  as 
efficiently  as  the  wild  type  (Figure  5).  This  result  correlates  well  with  the  respective 
subcellular  localization  of  these  mutants  and  further  supports  the  proposed  model  that  the 
p53  NES  is  not  accessible  in  the  tetrameric  configuration  but  exposed  in  the  momomeric 
or  dimeric  form  (16).  The  NES  in  the  4KA  p53  mutant  is  therefore  more  accessible  to 
Crml  than  that  in  the  wild  type  or  3KA  mutant,  resulting  in  more  active  export  of  the  p53 
4KA  but  not  3KA  mutant.  The  idea  that  acetylation  regulates  p53  export  by  neutralizing 
the  lysine  charge  is  in  agreement  with  a  recent  study  on  histone  H2A.Z  in  which 
acetylation  was  shown  to  regulate  the  histone  tails  by  modifying  the  charge  patch  of 
multiple  lysines  (35). 

We  note,  however,  that  the  p53  4KA  and  5KA  mutants  are  more  resistant  to 
MDM2-mediated  degradation  (33,  and  data  not  shown).  Thus,  although  K  to  A  mutations 
can  mimic  the  effect  of  ubiquitin-induced  p53  nuclear  export,  they  do  not  confer  the 
ubiquitin-mediated  p53  degradation.  This  observation  has  two  implications.  First,  p53 
nuclear  export  and  degradation  are  not  necessarily  linked  events.  A  similar  conclusion 
can  be  drawn  from  a  recent  study  showing  that  a  p53  mutant  deficient  in  nuclear  export 
can  nonetheless  be  degraded  by  MDM2  (15).  Second,  it  suggests  that  although  the  p53 
species  targeted  for  degradation  and  nuclear  export  are  both  modified  by  ubiquitin,  they 
likely  represent  two  distinct  p53  populations  that  are  modified  differently.  As  it  was 
recently  demonstrated  that  MDM2  can  promote  p53  mono-ubiquitination  in  vitro  (36),  an 
interesting  possibility  is  that  mono-ubiquitinated  p53  is  exported  while  the  poly- 
ubiquitinated  species  is  targeted  to  the  proteasome  for  degradation.  How  MDM2 
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promotes  two  different  types  of  ubiquitination  on  p53  is  a  critical  issue  to  be  addressed  in 
future  studies. 

The  finding  that  acetylation  regulates  the  subcellular  localization  of  p53,  at  least 
in  part,  by  activating  nuclear  export,  seems,  at  first,  paradoxical,  as  previous  evidence 
suggests  that  acetylation  positively  regulates  p53  function  (reviewed  in  (17)).  However,  a 
recent  study  on  the  role  of  ubiquitination  in  transcription  has  concluded  that 
ubiquitination  not  only  serves  to  degrade  and  inactivate  transcriptional  activators,  but  it  is 
also  essential  for  their  transcriptional  activity  (37).  In  that  study,  therefore,  ubiquitination 
functions  as  both  a  positive  and  a  negative  regulator,  providing  an  efficient  coupling  of 
the  activation  and  inactivation  of  specific  transcription  events.  By  analogy,  our  findings 
raise  the  interesting  possibility  that  acetylation  not  only  activates  p53  function  initially 
(18),  but  also  serves  as  a  signal  to  terminate  p53  function  by  activating  its  export.  In  this 
speculative  scenario,  the  threshold  for  p53  export  is  established  by  the  level  of  p53 
acetylation  such  that  when  four  or  more  lysine  residues  are  acetylated,  p53  will  be 
efficiently  exported.  Indeed,  we  have  observed  that  fully  acetylated  p53  can  be  exported 
from  the  nucleus  (Figure  1C).  We  note,  however,  that  although  p300  mediated- 
acetylation  can  promote  p53  cytoplasmic  accumulation  under  our  experimental 
conditions,  it  remains  to  be  established  whether  this  mechanism  is  sufficient  to  trigger 
p53  nuclear  exit  during  the  normal  p53  activation  cycle.  Further  experiments  will  be 
required  to  demonstrate  the  importance  of  acetylation  in  regulating  p53  subcellular 
localization  under  physiological  conditions. 

Our  results  provide  evidence  that  the  charge  status  presented  by  a  specific  set  of 
lysine  residues  is  a  key  determinant  and  regulatory  target  for  the  regulation  of  p53 
subcellular  localization.  The  regulation  is  achieved  by  the  modification  of  these  lysine 
residues  by  the  MDM2-mediated  ubiquitination  and/or  p300/CBP-mediated  acetylation 
machinery.  As  MDM2  is  not  always  induced  upon  p53  activation  (10),  our  finding  that 
acetylation  can  promote  p53  nuclear  exit  could  provide  another  potential  feedback 
mechanism  to  ensure  that  the  activation  of  p53  is  transient  and  properly  terminated. 
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Materials  and  methods 
Cell  lines  and  transfection 

HI 299  human  cells  and  p53(-/-),  MDM2(-/-)  mouse  embryonic  fibroblast  (MEF)  cells 
were  maintained  in  Dulbecco’s  modified  Eagle’s  medium  (DMEM).  All  cells  were  grown 
at  37  °C  in  the  presence  of  10%  fetal  bovine  serum  and  penicillin/streptomycin  in  a 
humidified  atmosphere  of  5%  C02.  All  transfections  were  performed  by  the  calcium 
phosphate  method  as  described  previously  (38). 

Plasmids 

Wild-type  human  p53  cDNA,  wild-type  human  MDM2,  wild-type  human  myc-p300  and 
human  p300DY  mutants  were  described  previously  (18).  p53-5KR  and  -6KR  mutants 
were  generated  using  site-directed  mutagenesis,  changing  lysines  320,  370, 372,  373,  381 
and  382  to  arginines.  P53-2KA,  -3KA,  -4KA  and  -5KA  mutants  were  also  constructed 
using  site-directed  mutagenesis  to  exchange  the  lysines  to  alanines.  p53-NES(-)  mutants 
were  also  constructed  using  site-directed  mutagenesis  to  change  the  leucines  (a.  a  348  and 
350)  to  alanines. 

Immuno-fluorescence 

For  immuno-fluorescence  staining,  cells  grown  on  a  glass  coverslip  were  transfected  with 
0.1  pig  p53  and  lpg  myc-epitope  tagged  p300  expression  plasmids.  Immunostaining  was 
performed  as  described  (39)  using  anti-p53  rabbit  polyclonal  antibody  (FL-393,  Santa 
Cruz),  anti-myc  monoclonal  antibody  9E10  and  anti-MDM2  monoclonal  antibody  SMP- 
14  (Santa  Cruz). 

Fractionation,  Immunoprecipitation  and  immunoblotting 

The  cells  were  homogenized  using  a  dounce  homogenizer  in  buffer  [25  mM  Hepes-HCl 
pH  7.4,  250  mM  sucrose,  1  mM  EDTA,  5mM  MgC12,  50  mM  NaF,  ImM  dithiothreitol 
(DTT)]  supplemented  with  5  pM  of  deacetylase  inhibitor  TSA  (Sigma)  and  protease 
inhibitors.  After  centrifugation  at  960g  for  5  min,  nuclei  pellets  were  washed  with  the 
homogenizer  buffer,  and  then  lysed  in  buffer  [50  mM  Tris-HCl  pH  7.4,  150  mM  NaCl, 
1%  NP-40,  1  mM  DDT]  supplemented  with  5  pM  TSA  and  protease  inhibitors.  Lysates 
were  centrifuged  at  5000g  for  5  min  to  obtain  supernatants  of  nuclear  fraction.  While, 
cytoplasmic  supernatants  were  added  NaCl  and  NP-40  to  bring  up  to  150  mM  and  1%, 
respectively.  Immunoprecipitation  and  immunoblotting  were  performed  as  described 


13 


previously  (18).  Proteins  were  detected  with  one  of  the  following  antibodies:  anti-human 
p53  antibody  (Ab-6,  Calbiochem),  anti-human  acetylated  (Lys320)  p53  antibody,  anti¬ 
human  acetylated  (Lys373)  p53  antibody,  anti-human  acetylated  (Lys382)  p53  antibody 
(Calbiochem),  anti-a-tubulin  antibody  (DM1  A,  Sigma)  or  anti-green  fluorescent  protein 
(GFP)  antibody  (Boehringer  Mannheim). 

Protein  production  and  oligomerization  assay 

Wild-type,  3KA,  4KA  or  4KR  p53  C-terminal  DNA  (amino  acid  326-393)  including  the 
tetramerization  domain  was  cloned  into  pGEX-6P-l  vectors.  GST  fusion  constructs  were 
expressed  in  E.coli,  and  then  purified  by  Glutathione  Sepharose  4B  (Amersham)  and 
cleaved  with  prescission  protease  (Amersham).  The  oligomerization  assay  was  performed 
as  described  previously  (16). 
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Figure  legend 

Figure  1.  Acetylation  regulates  p53  nuclear  export.  (A)  Subcellular  localization  of  p53 
and  p300  following  transfection  into  p53  (-/-)  H1299  cells.  Cells  were  transfected  with 
p53wt  alone  (a,  g),  p53wt  and  myc-p300  (b,  d,  h,  j),  p53wt  and  myc-p300DY  (c,  i),  p53 
NES(-)  mutant  alone  (e,  k),  or  p53  NES(-)  mutant  and  myc-p300  (f,  1)  as  indicated.  The 
localization  of  p53,  p300,  and  p300DY  was  determined  as  described  in  materials  and 
methods.  10  ng/ml  of  LMB  was  added  8h  prior  to  immunostaining  as  indicated  (d,  j).  (B) 
Acetylation  by  p300  increases  the  percent  of  cells  with  cytoplasmic  p53.  100-200  cells 
from  each  transfection  were  scored.  Results  are  an  average  of  three  independent 
experiments.  In  the  case  of  co-expression  with  p300  or  p300DY,  only  anti-myc  antibody 
positive  cells  were  scored.  (C)  Cytoplasmic  p53  is  acetylated.  Levels  of  acetylated  p53 
in  the  nuclear  (N)  and  cytoplasmic  (C)  fractions  were  determined  by  immunopreciptation 
with  anti-p53  polyclonal  antibody,  followed  by  immunoblotting  with  anti-acetylated  p53 
antibody.  Levels  of  total  p53  and  a-tubulin  were  assayed  by  blotting  with  anti-p53 
monoclonal  antibody  (Ab-6)  and  anti-tubulin  monoclonal  antibody.  (D)  p300  dose  not 
change  the  expression  level  of  total  p53.  GFP  was  used  as  internal  control,  and  detected 
by  anti-GFP  monoclonal  antibody. 

Figure  2.  Acetylation-mediated  p53  nuclear  export  is  not  MDM2-dependent.  (A) 
Subcellular  localization  of  p53,  p300  and  MDM2  following  transfection  into  p53(-/-)  / 
MDM2(-/-)  MEF  cells.  p53  (a,b,c)  and  p300  (d)  were  detected  as  described  in  Figure  1  A. 
MDM2  (e)  was  detected  by  immunostaining  with  the  anti-MDM2  monoclonal  antibody 
(SMP-14).  (B)  The  percent  of  cells  with  cytoplasmic  p53  was  determined  as  described  in 
Figure  IB. 

Figure  3.  The  C-terminal  lysines  of  p53  are  involved  in  the  acetylation-mediated  nuclear 
export  of  p53.  (A)  Schematic  representation  of  wild-type  p53  and  an  expanded  view  of 
the  C-terminus  outlining  the  lysine  (K)  to  arginine  (R)  mutations  of  p53,  5KR,  and  6KR 
mutants.  Abbreviations  are  as  follows:  TAD,  transactivation  domain  (1-43  amino  acids); 
DNA-BD,  DNA  binding  domain  (102-292  amino  acids);  OLIGO,  oligomerization 
domain  (326-358  amino  acids)  (B)  The  loss  of  available  acetylation  sites  results  in  a 
reduction  in  the  percentage  of  cells  with  cytoplasmic  p53.  Wild-type  p53  or  the  KR 
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mutants  were  transfected  into  HI 299  cells  alone  or  co-transfected  with  p300  as  indicated. 
The  percent  of  cells  with  cytoplasmic  p53  was  determined  as  in  Figure  IB. 

Figure  4.  Neutralization  of  positively  charged  lysine  residues  in  the  C-terminus  of  p53 
regulates  subcellular  localization  of  p53.  (A)  Schematic  representation  of  the  p53  lysine 
(K)  to  alanine  (A)  mutants.  (B)  Subcellular  localization  of  wild-type  p53  and  KA 
mutants  transfected  into  HI 299  cells.  LMB  treatment  was  performed  as  described  in 
Figure  1  A.  (C)  An  increase  in  the  number  of  KA  mutations  results  in  an  increase  in  the 
percent  of  cells  with  cytoplasmic  p53.  Results  were  determined  as  in  Figure  IB.  (D)  The 
level  of  cytoplasmic  p53  is  proportional  to  the  number  of  lysine  residues  neutralized. 
Levels  of  p53  in  the  nuclear  (N)  and  cytoplasmic(C)  fraction  were  determined  as  in 
Figure  1C.  The  ratio  of  cytoplasmic  p53  is  calculated  by  dividing  cytoplasmic  p53  by 
total  p53  (nuclear  plus  cytoplasmic  p53). 

Figure  5.  Neutralization  of  positively  charged  lysine  residues  in  the  C-terminus 
determines  the  oligomerization  status  of  p53.  Wild-type  (lane  1, 2),  3KA  (lane  3, 4),  4KA 
(lane  5,  6)  or  4KR  (lane  7,  8)  mutant  p53  polypeptides  consisting  of  the  tetramerization 
domain  (amino  acid  326-393)  were  expressed  in  E.coli  as  GST  fusions.  Ten  micrograms 
of  GST-cleaved  protein  were  incubated  at  37  °C  with  or  without  0.1%  glutaraldehyde  for 
15  min,  then  analyzed  by  a  20%  SDS-PAGE  to  separate  the  p53  monomer  from  the 
oligomers. 
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